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>,! _450(&! Y! ()%0B&! 1&%! '(4*84',1&%! )+,'&%! 81)%! 60! B)+,3/14%B&! 6&! 1,! :4+,B4*&! QE! G&104@84!
6)30+&!,0!*4:&,0!6&!1,!B0I0&0%&!4*+&%+4*,1&=!1&!%4+&!,8+4J!6&!1x,3%/('+4/*!60!()+4*/1!143(&=!60!814:,5&!
6&%!8,(/+)*/n6&%!&+!6&!1x#?6(/1?%&!6&%!H;!8#&U!1&%!:&(+)3()%!a7&Z!&+!d*5=!f\\cbE!
!
^;MA:F!?Q!0KE9LC<;JOF!GF!<9!I;E9O;>F!,Z!
>&%! 64:&(%&%! J/(B&%! 6&! :4+,B4*&! Q! %/*+! ,3%/(3)&%! ',(! 1&%! &*+)(/8?+&%! aN! 5,08#&b=! I04! &*!
(&8/*:&(+4%%&*+! 1,!B,D&0(&!',(+4&!&*! ()+4*?1!&%+&(%=! J/(B&!6&!%+/8R,5&!&+!6&! +(,*%'/(+E!G&0K@84!
%/*+!&*%04+&!i+(&!,8#&B4*)%!',(!:/4&!%,*504*&!:&(%!1&!J/4&!'/0(!?!i+(&!%+/8R)%!6,*%!1&%!8&1101&%!
%+&11,4(&%!/0!:&(%!1&%!8&1101&%!8431&%!aN!6(/4+&bE!.04:,*+!1&%!3&%/4*%=!1&%!()+4*?1!&%+&(%!'&0:&*+!i+(&!
(),8#&B4*)%!60!J/4&!:&(%!1&%!8&1101&%!8431&%!%/0%!J/(B&!6&!()+4*/1!14)!,0K!'(/+)4*&%!6&!+(,*%'/(+!
HV2!&+!""HE!L/64J4)!6&!V1/B#/JJ!&+!V1/B#/JJ!aYggXb!&+!H04U!0#!*9b!aYgfYbZ!
Cellule cible 
Circulation sanguine 
LRAT  
REH 
Rétinol 
CRBPI 
RBP 
REH 
Conduit thoracique 
Lymphe 
Foie 
Hépatocyte 
Cellule stellaire 
Chylomicron 
Rétinyl 
 esters 
Rétinyl 
 esters 
Rétinyl 
 esters 
Chylomicron 
Rétinyl 
 esters 
Chylomicron 
Rétinyl 
 esters 
Chylomicron 
résiduel 
Rétinyl 
 esters 
Rétinol 
RBP 
CRBPI 
Rétinol 
CRBPI 
Chylomicron 
résiduel 
Rétinyl 
 esters 
Chylomicron 
résiduel 
Rétinyl 
 esters 
Rétinol 
RBP TTR 
Rétinol 
RBP TTR 
Lumière intestinale 
BCO1 
CRBPII 
Rétinal 
CRBPII 
RDH 
LRAT DGAT1  
REH Rétinol 
CRBPII 
Chylomicron 
β-carotène 
Rétinol Rétinyl 
 esters 
β-carotène 
SR-B1 
Intestin 
Rétinyl 
 esters 
LP 
PLRP2 
 
PLB 
 
Entérocyte 
TTR 
Rétinol 
RBP TTR 
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!
7ZlZ7Z (=>EPoJF!GA!:KE;>C<!
7ZlZ7Z7Z %C;F!GF!<9!I;E9O;>F!,!N:KkC:OKF!
>&%! H;=! '(4*84',1&! %/0(8&! ,14B&*+,4(&! 6&! :4+,B4*&! Q! '()J/(B)&=! 6/4:&*+! i+(&! 8/*:&(+4%! &*!
()+4*/1! 6,*%! 1,! 10B4$(&! 6&! 1x4*+&%+4*! ,:,*+! 1&0(! ,%%4B41,+4/*! ',(! 1&%! &*+)(/8?+&%! aV1/B#/JJ! &+!
V1/B#/JJ=!YggXbE!G&++&!8/*:&(%4/*!&%+!B)64)&!',(! 1,! 14',%&!',*8(),+4I0&!a>2b=! 1,! 14',%&!,'',(&*+)&!
6&!+?'&!MM! a(*;280*#32! 93(*/0!809*#04!(81#03;!%P!2>H2Yb!&+! 1,!'#/%'#/14',%&!V!a2>Vb!6&! 1,!3/(60(&!&*!
3(/%%&!aV1/B#/JJ!&+!V1/B#/JJ=!YggX}!W,((4%/*=!Ygg`bE!!
7ZlZ7Z?Z %C;F!GFJ!D9:CEK>CTGFJ!
Q1+&(*,+4:&B&*+=! 1&! ()+4*/1! '&0+! i+(&! %?*+#)+4%)! ,0! *4:&,0! 6&! 1,! B0I0&0%&! 4*+&%+4*,1&! N!
',(+4(! 6&%! 8,(/+)*/n6&%=! '(4*84',1&B&*+! 1&! u@8,(/+$*&=! '(/:&*,*+! 6&! 1C,14B&*+,+4/*! a2,4R! 0#! *9b=!
YggfbE! G&++&! :/4&! &%+! 8/*%46)()&! 8/BB&! 1,! %/0(8&! v%)80(4+,4(&v! 6C,''/(+! &*! ()+4*/n6&%-! &*! &JJ&+=!
8/*+(,4(&B&*+!N!1,!:4+,B4*&!Q!'()J/(B)&!I04!&%+!J,841&B&*+!,3%/(3)&=! 1,!8/*:&(%4/*!60!u@8,(/+$*&!
&%+!()501)&!',(!1C4*+&%+4*!&*!J/*8+4/*!60!%+,+0+!()+4*/n6&!aW,%R&11=!YgfY}!~E!>4!0#!*9b=!YgfcbE!
>&%! 8,(/+)*/n6&%! %/*+! 6&%! 8/B'/%)%! 4%/'()*/n6&%! *,+0(&1%! '()%&*+%! 8#&U! +/0%! 1&%!
/(5,*4%B&%! '#/+/%?*+#)+4I0&%! &+! (&%'/*%,31&%! 6&%! 8/1/(,+4/*%! (/05&%=! /(,*5)&%! &+! D,0*&%! 6&!
*/B3(&0K!:)5)+,0K=!,4*%4!I0&!6&!
1,!8/1/(,+4/*!6&!8&(+,4*%!/4%&,0K=!
4*%&8+&%! /0! 4*:&(+)3()%! B,(4*%!
I04!/*+!4*5)()!8&%!:)5)+,0K!a2E!7E!
_(,%&(! &+! V(,B1&?=! YggcbE! M1%!
(&'()%&*+&*+! 1,! J,B411&! 6&!
'45B&*+%! 1,! '10%! ()',*60&! 6,*%!
1,! *,+0(&! ,:&8! '10%! 6&! Xgg!
8/B'/%)%! ()'&(+/(4)%! a2E! 7E!
_(,%&(! &+! V(,B1&?=! YggcbE!
;*:4(/*! fg! ! 6C&*+(&! &0K! %/*+!
6&%! 8,(/+)*/n6&%!'(/:4+,B4*&!Q=!
8x&%+@N@64(&! '/0:,*+! i+(&!
B)+,3/14%)%! &*! :4+,B4*&! Q=! +&1%!
1,! u@8(?'+/K,*+#4*&=! 1xh@8,(/+$*&! &+! 1&! u@8,(/+$*&! a_450(&! ]b! a.#&+&! &+! k0,6(/=! Ygf]}! ~&0B! &+!
H0%%&11=!YggYbE!>&!u@8,(/+$*&!&%+!1&!B4&0K!8,(,8+)(4%)=!1&!'10%!,3/*6,*+!6,*%!1x,14B&*+,+4/*!#0B,4*&!
!
^;MA:F!lQ!Y:;>D;N9Ah!D9:CEK>CTGFJ!N:CI;E9O;>F!,Z!!
Q6,'+)!6&!",*5!&+!H0%%&11!aYgg\bE!!
!"#$%&'(')*#+
α-carotène 
+
β!"#$%&'(')*"+
+
β-carotène 
+++++++++++++++++++++++
,-
β!"$./&%0#(&12()*$$+ +
β-cryptoxantine 
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!
&+! 8&104! 6/*+! 1,! 8/*:&(%4/*! &*! :4+,B4*&! Q! &%+! 1,! '10%! &JJ48,8&! a.#&+&! &+! k0,6(/=! Ygf]}! F,*! >//@
V/0ZB,*!0#!*9b=!YgfcbE!!
>x,3%/('+4/*!6&%!8,(/+)*/n6&%!',(!1&%!&*+)(/8?+&%!%&!J,4+!73*!0*!'(/8&%%0%!4B'14I0,*+!.H@Vf!
a/2*70;$08! 8020(#18! 29*//! "! #'(0! +b! aV/(&1! 0#! *9b=! Ygf]}! F,1,88#4! 0#! *9b=! YgffbE! T)*)(,1&B&*+=! 0*!
814:,5&! %?B)+(4I0&! 60! u@8,(/+$*&! ',(! 1,! u=u@8,(/+$*&@f`=f`x@B/*//K?5)*,%&! aVGdfb! 6/**&! 14&0! N!
6&0K!B/1)801&%!6&!()+4*,1! a_450(&!c=!N!5,08#&b=!I04!%/*+!&*%04+&!()604+&%!&*!()+4*/1!',(!0*&!()+4*,1!
6)%#?6(/5)%,%&! aH7Wb!/0!/K?6)&%!&*!,846&! ()+4*/nI0&! a7CQB3(/%4/! 0#!*9b=! Ygff}! .#&+&!&+!k0,6(/=!
Ygf]bE! Q1+&(*,+4:&B&*+=! 41! '&0+! ?! ,:/4(! 814:,5&! ,%?B)+(4I0&! ',(! 1,! u=u@8,(/+$*&@\x=fgx@/K?5)*,%&!
aVGdYb=!()%01+,*+!&*!1,!J/(B,+4/*!6&!u@,'/@fgC@8,(/+)*,1!&+!6&!u@4/*/*&!a_450(&!c=!N!6(/4+&b!a[4&J&(!0#!
*9b=! YggfbE! G&%! 814:,5&%! ,%?B)+(4I0&%!'&0:&*+! ,0%%4! 8431&(! 64JJ)(&*+&%! 14,4%/*%!6/031&%=! &*5&*6(,*+!
6&%! J/(B&%! 6&! u@,'/8,(/+)*,1! &+! 6&! u@,'/8,(/+)*/*&! '10%! /0! B/4*%! 1/*50&%! a.#&+&! &+! k0,6(/=!
Ygf]bE! >&0(! 6&:&*4(! &%+! B,1! 8/**0=! B,4%! M1! ,! )+)! %055)()! I0x41! '/0:,4&*+! i+(&! 8/*:&(+4%! ,*! ,846&!
()+4*/nI0&! ',(! 0*! B)8,*4%B&! %4B41,4(&! N! 1,! u@/K?6,+4/*! 6&%! ,846&%! 5(,%=! 34&*! I0&! 8&1,! 6&B&0(&!
8/*+(/:&(%)! a;(/510! 0#! *9b=! YgfY}! pE!7E!e,*5! 0#! *9b=! f\\XbE!7&! J,y/*! 4*+)(&%%,*+&=! 8&(+,4*%! +(,:,0K!
()8&*+%! ,++(430&*+! 8&'&*6,*+! N! 8&(+,4*&%! 6&! 8&%! J/(B&%! 0*&! ,8+4:4+)! ,*+,5/*4%+&! ,0K! ()+4*/n6&%!
a;(/510!0#!*9b=!YgfY}!W,((4%/*!0#!*9b=!YgfYbE!
^;MA:F!3Q!5<;I9MF!J=OKE:;RAF!FE!9J=OKE:;RAF!GA!i[D9:CEo>FZ!
L/64J4)!6&![4&J&(!0#!*9b!aYggfbE!
β!"#$%&'(')*"+
+
15 14 12 10 8 
15 13 11 9 
!
 
BCO1 
!
 
BCO2 
β-carotène 
clivage 
symétrique  
clivage 
asymétrique  
β!"#$%&'(
O 
Rétinal 
β!"#$%&'(')*"+
O 
β-apo-10'-caroténal  
+
O 
β-ionone 
+ 
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!
>&! ()+4*/1! '(/604+! ',(! 1,! :/4&! 6&%! 8,(/+)*/n6&%! &%+! B)+,3/14I0&B&*+! 46&*+4I0&! N! 8&104!
'(/:&*,*+!6&!1,!:/4&!6&!1,!:4+,B4*&!Q!'()J/(B)&}!,4*%4=!0*&!J/4%!1&!()+4*/1!%?*+#)+4%)=!8&%!6&0K!:/4&%!
8/*:&(5&*+!a7CQB3(/%4/!0#!*9b=!YgffbE!
7Z3Z (ECDb9MF!FE!E:9>JNC:E!GA!:KE;>C<!IF:J!<FJ!DF<<A<FJ!D;L<FJ!
7,*%!1&%!&*+)(/8?+&%=!1&!()+4*/1!%&!14&!N!GHV2MM!a2099:9*8!80#3;19<=3;43;$!(81#03;b!aV1/B#/JJ!&+!
V1/B#/JJ=!YggXbE!;*!&JJ&+=!1x,8#&B4*&B&*+!60!()+4*/1!14'/%/1031&!N!+(,:&(%!1&%!J1046&%!,I0&0K=!+&1%!1&!
8?+/%/1=!*)8&%%4+&!1x4*+&(:&*+4/*!6&!'(/+)4*&%!6&!+(,*%'/(+E!>&!()+4*/1!4*+(,8&1101,4(&!&%+!6/*8!,%%/84)!
,0K! '(/+)4*&%! 6&! 1,! J,B411&! 6&%! GHV2=! 6/*+! 1&%! I0,+(&! 4%/J/(B&%! #0B,4*%! aM=! MM=! MMM! &+! MFb! %/*+!
64JJ)(&*+4&11&B&*+!&K'(4B)%!%&1/*!1&%!+?'&%!8&1101,4(&%!a[/*/!&+!Q(,4=!Ygf`bE!!
>,! B,D/(4+)! 60! ()+4*/1! ,3%/(3)! ',(! 1&%! &*+)(/8?+&%! &%+! ()@&%+)(4J4)&! &*! H;E! G&0K@84=!
34/1/54I0&B&*+!4*,8+4J%=!8/*%+4+0&*+!1,!J/(B&!B,D&0(&!6&!%+/8R,5&!&+!6&!+(,*%'/(+!6&!1,!:4+,B4*&!Q!
a.8#(&43&(! 0#! *9b=! YgfYbE! G&++&! 8/*:&(%4/*! &%+! B,D/(4+,4(&B&*+! ,%%0()&! ',(! 1,! 1)84+#4*&! ()+4*/1!
,8)+#?1+(,*%J)(,%&!a>HQ"b=!,:&8!1C,46&!6&!GHV2MM!I04!64(45&!1&!()+4*/1!:&(%!8&11&@84!aW&((!&+!d*5=!f\\YbE!
9*&! ,0+(&! &*U?B&=! 1,! 64,8?151?8)(/1! d@,8?1+(,*%J)(,%&! f! a7TQ"fb! %&B31&! )5,1&B&*+! 4B'14I0)&=!
*/+,BB&*+!&*!8,%!6&!'()%&*8&!6x&K8$%!6&!()+4*/1!):4+,*+!,4*%4!0*!&JJ&+!+/K4I0&!a7CQB3(/%4/!0#!*9b=!
Ygff}!.#4#!0#!*9b=!Ygg\bE!!
>,!B,D/(4+)!6&%!H;! J/(B)%!&%+! 4*8/('/()&! ,0K! 8#?1/B48(/*%=! I04! %/*+!6&! 1,(5&%! 8/B'1&K&%!
14'/'(/+)4I0&%! 8/B'/%)%! */+,BB&*+! 6&! +(451?8)(46&%=! 6&! '#/%'#/14'46&%! &+! 6x,'/14'/'(/+)4*&%!
aV1/B#/JJ!0#!*9b=!f\oYbE!G&0K@84!%/*+!&*%04+&!%)8()+)%!6&%!&*+)(/8?+&%!:&(%! 1&!%?%+$B&!1?B'#,+4I0&!
73*! 1&!8/*604+!+#/(,84I0&!,:,*+!6&!',%%&(!6,*%!1,!84(801,+4/*!%,*504*&!/!41%!%&(/*+!6)8/B'/%)%!&*!
8#?1/B48(/*%! ()%460&1%! aV1/B#/JJ!&+!V1/B#/JJ=!YggX}!~E! >4! 0#!*9b=!YgfcbE!G&1,!'&(B&+! 1&0(! +(,*%'/(+!
:&(%! 1&! J/4&! '/0(! /! 41%! %&(/*+! %+/8R)%! /0! :&(%! 64:&(%! +4%%0%! 8431&%! aB/&11&! /%%&0%&=! (,+&=! +4%%0%!
,64'&0K=! (&4*%=! B0%81&%! %I0&1&++4I0&%! &+! 8&1101&%! %,*504*&%! ')(4'#)(4I0&%! aV1/B#/JJ! &+! V1/B#/JJ=!
YggX}! T//6B,*! 0#! *9b=! f\X`bE! 7C,0+(&%! J/(B&%! 84(801,*+&%! B4*&0(&%! 6&%! ()+4*/n6&%! /*+! ,0%%4! )+)!
()'&(+/(4)&%=! +&1! 1C,846&! ()+4*/nI0&! 14)! N! 1C,130B4*&! /0! 1&%! ()+4*?1@u@51080(/*46&%! &+! 1&%! ()+4*/?1@u@
51080(/*46&%=!B,4%!1&0(!B)+,3/14%B&!6&B&0(&!8&'&*6,*+!B,1!8,(,8+)(4%)!a~E!>4!0#!*9b=!YgfcbE!!
7Z3Z7Z 0KE9LC<;JOF!PKN9E;RAF!GFJ!:KE;>CTGFJ!
7,*%!1&!J/4&=!6&0K!+?'&%!8&1101,4(&%!64%+4*8+%!D/0&*+!0*!(O1&!8&*+(,1!6,*%!1&!B)+,3/14%B&!&+!1&!
%+/8R,5&! 6&%! ()+4*/n6&%-! 1&%! 8&1101&%! ',(&*8#?B,+&0%&%! #)',+4I0&%! a#)',+/8?+&%b! &+! 1&%! 8&1101&%!
%+&11,4(&%E!7,*%! 1&%! #)',+/8?+&%=! 1&%! H;! %/*+! #?6(/1?%)%! &*! ()+4*/1! 6,*%! 1&%! #)',+/8?+&%! ',(! 1&%! H;!
#?6(/1,%&!aH;WbE!>&!()+4*/1! J/(B)!%&! 14&! 4BB)64,+&B&*+!N!GHV2M=!'04%! 1,!B,D/(4+)!60!()+4*/1!&%+!()@
&%+)(4J4)&! ',(! 1,! >HQ"! &+! %+/8R)&! 6,*%! 1&%! 8&1101&%! %+&11,4(&%! a2&(0%&R! &+!L,&6,=! Ygf]bE! >,! '/(+4/*!
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!
!
(&%+,*+&!60!()+4*/1!%x,%%/84&!N!1,!80#3;19!=3;43;$!(81#03;!aHV2=!,0%%4!8/**0&!%/0%!1&!*/B!6&!HV2cb!&+!
(&D/4*+!1,!84(801,+4/*!%,*504*&!a"#&/6/%4/0!0#!*9b=!YgfgbE!
7Z3Z?Z ,DPFO;>FOF>E!GA!:KE;>C<!IF:J!<FJ!DF<<A<FJ!D;L<FJ!
7,*%!1,!84(801,+4/*!%,*504*&=!1&!8/B'1&K&!()+4*/1@HV2!&%+!,%%/84)!N!1,!+(,*%+#?()+4*&!a""Hb!I04!
&B'i8#&!%/*!)14B4*,+4/*!',(! 1&%!(&4*%!&+!,%%0(&!%/*!+(,*%'/(+!:&(%! 1&%! +4%%0%!8431&%!a"#&/6/%4/0!0#!
*9b=! YgfgbE! >,! 14,4%/*! 60! 8/B'1&K&! ()+4*/1@HV2@""H! ,0! ()8&'+&0(! +(,*%B&B3(,*,4(&! ."HQX!
a/#3?:9*#04!='!80#3;132!*234!)b!6&!1,!B&B3(,*&!'1,%B4I0&!6&%!8&1101&%!8431&%!'&(B&+!1&!6)+,8#&B&*+!
6&!HV2!&+!""H!&+!1C,3%/('+4/*!60!()+4*/1!a_450(&!`b!a2&(0%&R!&+!L,&6,=!Ygf]bE!>&!()+4*/1!,3%/(3)!&%+!
8/*:&(+4! 6,*%! 1&! 8?+/%/1! &*! %/*! '(4*84',1! B)+,3/14+&! ,8+4J=! 1CQH=! 73*! 6&0K! /K?6,+4/*%! %088&%%4:&%!
!
^;MA:F!BQ!0KE9LC<;JOF!GF!<S9D;GF!:KE;>CTRAF!G9>J!<FJ!DF<<A<FJ!D;L<FJZ!
>,! 14,4%/*! 60! 8/B'1&K&! ()+4*/1@HV2@""H! ,0! ()8&'+&0(! +(,*%B&B3(,*,4(&! ."HQX! '&(B&+! 1&!
6)+,8#&B&*+!6&!HV2!&+!""H!&+!1C,3%/('+4/*!60!()+4*/1E!G&104@84!&%+!8/*:&(+4!6,*%!1&!8?+/%/1!&*!
%/*!'(4*84',1!B)+,3/14+&!,8+4J=!1CQH=!'/0:,*+!,54(!1/8,1&B&*+!/0!i+(&!+(,*%'/(+)!:&(%!0*&!,0+(&!
8&1101&!8431&E!L/64J4)!6&!24*/@>,5/%!0#!*9b!aYgfgb!&+!"#&/6/%4/0!0#!*9b!aYgfgbE!
!"!#!$!#
%&'()#
*+,-./01,23#
42#05$!#
$!#
,6-738619:/7#
7/;-<#
8;,/90-3*2#
=>!$)#
%!?'# %!$?'#
!+:7/0#
$@A#
=@!#
#
#
!+:7-0# $!#
!$B@A#
#
#
%!?'#
%!$?'#
!?'#
!+:7;0#
#23,263#
!+:7;0#
#23,263#
B!$># !CA#
$0.<*172#
$!#
+01*17-:/7#
9-6-86172#
-<,/86172#
!+:7/0#
!?'# >>!#
>>!#
9
!
!
a_450(&! XbE! G&1,! 4B'14I0&=! 6,*%! 0*! '(&B4&(! +&B'%=! 1x/K?6,+4/*! ():&(%431&! 60! ()+4*/1! &*! ()+4*,1! a/0!
()+4*,16)#?6&b!',(!6&%!,18//1!6)%#?6(/5)*,%&%!aQ7Wb!/0!6&%!6)%#?6(/5)*,%&%^()608+,%&%!N!8#,q*&!
8/0(+&! a.7Hb! a70&%+&(=! YgggbE! >&! ()+4*,1! &%+!
&*%04+&! 8/*:&(+4! &*! QH! ',(! 6&%! ,16)#?6&!
6)%#?6(/5)*,%&%! aQ>7W!/0! HQ>7Wb! 6&! J,y/*!
4(():&(%431&E!>CQH!%&! 14&!,0K!'(/+)4*&%!GHQV2%!
8?+/%/14I0&%! a2099:9*8! 80#3;132! *234<=3;43;$!
(81#03;/b! I04! 104! '&(B&++&*+! %/4+! 6&! 64JJ0%&(!
6,*%! 1&! */?,0! &+! 6C&K&(8&(! %&%! &JJ&+%!
+(,*%8(4'+4/**&1%! a%45*,14%,+4/*! ,0+/8(4*&b=!
%/4+! 6Ci+(&! +(,*%'/(+)! :&(%! 0*&! ,0+(&! 8&1101&!
8431&! &*:4(/**,*+&! a%45*,14%,+4/*! ',(,8(4*&b!
aV1/B#/JJ! &+! V1/B#/JJ=! YggX}! "#&/6/%4/0! 0#!
*9b=! YgfgbE! >C&K8$%! 6CQH! '&0+! )5,1&B&*+! i+(&!
6)5(,6)! &*! B)+,3/14+&%! /K?6)%! +&1%! 1C,846&!
+/0+@#8*;/@c@#?6(/K?@()+4*/nI0&! &+! 1C,846&!
+/0+@#8*;/@c@/K/@()+4*/nI0&! ',(! 1&%! &*U?B&%!
6&! 1,! J,B411&! 6&! G~2YX! a"#,+8#&(! &+!
M%/#&((,*&*=! Ygg\bE! >C)I04143(&! &*+(&! 1,!
%?*+#$%&!&+!1&!8,+,3/14%B&!'&(B&+!1&!8/*+(O1&!
6&%!*4:&,0K!6CQH!6,*%!1&%!8&1101&%!&+!1&%!+4%%0%!
a"#&/6/%4/0!0#!*9b=!YgfgbE!
!
!
^;MA:F!2Q!(=>EPoJF!GF!<S9D;GF!:KE;>CTRAFZ!
G/*:&(%4/*! 60! ()+4*/1! &*! QH! :4,! 6&0K!
/K?6,+4/*%! %088&%%4:&%E! >,! 8/*:&(%4/*! 60!
()+4*/1!&*!()+4*,1!&%+!():&(%431&=!,1/(%!I0&!
1,! 8/*:&(%4/*! 60! ()+4*,1! &*! QH! &%+!
4(():&(%431&E!
!"#$%&'
!"#$(&'
β!"#$%&'(
 
!"#
)*+,-'."#$(/01-'
)23452!'
."6-.7+8&-'
!)923'
+.."6-.7+8&-'
β!"#$%&'(
 
!"#
!#
β!"#$%&'(
 
!#
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!
5W,Y$)'&!?Q !]&(!'*5&Y)&"'(!+&!]S,5$+&!'*)$#.ng"&!
>&%!B)8,*4%B&%!%/0%@D,8&*+%!,0K!&JJ&+%!,0+(&%!I0&!:4%0&1%!6&! 1,!:4+,B4*&!Q!%/*+!6&B&0()%!
4*8/**0%! D0%I0xN! 8&! I0&!6&0K! )I04'&%! 4*6)'&*6,*+&%=! 8&11&%! 6&! 24&((&!G#,B3/*!&+! H/*,16! ;:,*%=!
6)8/0:(&*+!&+!81/*&*+!&*!f\oj!0*!()8&'+&0(!,8+4:)!%')84J4I0&B&*+!',%!1x,846&!()+4*/nI0&!+/0+@#8*;/!
&+! ,'',(+&*,*+! N! 1,! %0'&(J,B411&! 6&%! ()8&'+&0(%! *081),4(&%! aH<b! a7E! LE! V&*3(//R! 0#! *9b=! Ygfc}!
T450&(&! 0#! *9b=! f\oj}! [4&J&(! 0#! *9b=! Yggf}! 2&+R/:48#! 0#! *9b=! f\ojbE! G&! '(&B4&(! ()8&'+&0(! 6&! 1C,846&!
()+4*/nI0&!a80#3;132!*234!8020(#18=!HQHb!&%+!,0D/0(6C#04!,''&1)!HQHhE!2&0!6&!+&B'%!,'($%=!6&0K!,0+(&!
HQH=!HQHu!&+!!HQHw=!J0(&*+!81/*)%!a7E!V&*3(//R!0#!*9b=!f\oo}!V(,*6!0#!*9b=!f\oo}!6&!"#&!0#!*9b=!f\oj}!
[(0%+!0#!*9b=!f\o\}!P&1&*+!0#!*9b=!f\o\bE!!
|!+(,:&(%!8&%!()8&'+&0(%!*081),4(&%=!1CQH!()501&!1,!+(,*%8(4'+4/*!6&!'10%!6&!`gg!5$*&%E!2/0(!8&!
J,4(&=! 1&%!HQH!%&!14&*+!N!6&%!)1)B&*+%!6&!()'/*%&%!HQH;!a80#3;132!*234!80/(1;/0!090?0;#/b!%4+0)%!,0!
*4:&,0! 60! '(/B/+&0(! 6&! 1&0(%! 5$*&%! 8431&%! a:/4(! .&8+4/*! YEYb! a~E! >4! 0#! *9b=! YgfcbE! G&'&*6,*+=! 41! J{+!
(,'46&B&*+! )+,314! I0&! 1,! 14,4%/*! 6&%! HQH! ,0K! HQH;! &%+! J/(+&B&*+! J,8414+)&! ',(! 1&0(!
#)+)(/64B)(4%,+4/*!,:&8!0*!,0+(&!+?'&!6&!()8&'+&0(!*081),4(&=!1&%!HpH!a80#3;134!U!8020(#18b!h=!u!&+!w!
a>&46! 0#! *9b=! f\\YbE! G&%! 6&(*4&(%! J/(B&*+! )5,1&B&*+! 6&%! #)+)(/64B$(&%! ,:&8! +/0+&! 0*&! ',*/'14&!
6C,0+(&%! ()8&'+&0(%! *081),4(&%-! 1&! ()8&'+&0(! 6&%! #/(B/*&%! +#?(/n64&**&%! a"H=! #6'8134! 618?1;0!
8020(#18b=! 6&! 1,! :4+,B4*&! 7! aF7H=! 73#*?3;! R! 8020(#18b=! 6&%! /K?%+)(/1%! a>pH=! 93708! U! 8020(#18/b=! 6&%!
K)*/34/+4I0&%! a2pH=! (80$;*;0! U! 8020(#18b=! 6&%! ,846&%! 3414,4(&%! a_pH=! >*8;0/134! U! 8020(#18b=! 6&%!
,*6(/%+,*&%!aGQH=!21;/#3#:#370!*;481/#*;0!8020(#18b!&+! 1&!()8&'+&0(!,8+4:)!',(! 1&%!'(/14J)(,+&0(%!6&!
'&(/K?%/B&%!a22QH=!(081@3/1?0!(8193>08*#18<*2#37*#04!8020(#18/b!aT&(B,4*!0#!*9b=!YggXbE!
>CQH! 14&! 1&%! ]! %/0%@+?'&%! 6&! HQH! ,:&8! 6&! J/(+&%! ,JJ4*4+)%! 6&! 1x/(6(&! 60! *,*/B/1,4(&!
a7&1&%810%&!0#!*9b=!f\\f}!QE!"E!A/#*%/*!0#!*9b=!f\\\bE!7&!'10%=!0*!,0+(&!4%/B$(&!6&!1x,846&!()+4*/nI0&=!
1x,846&!()+4*/nI0&!\@23/=!'&0+!)5,1&B&*+! 14&(! 1&%!HQH!aV,%+4&*!&+!H/8#&++&@;51?=!YggcbE!;*!(&:,*8#&=!
1&%!HpH!*&!'&0:&*+!',%! 14&(!>CQH!,:&8!0*&!3/**&!,JJ4*4+)=!B,4%!'&0:&*+! 14&(! 1x,846&!()+4*/nI0&!\@23/!
,:&8! 0*&! ,JJ4*4+)! &*:4(/*! cg! J/4%! %0')(4&0(&! aW&?B,*! 0#! *9b=! f\\Y}! >&:4*! 0#! *9b=! f\\YbE! G&'&*6,*+=!
1x,846&!()+4*/nI0&!\@23/!*C,?,*+!'0!i+(&!6)+&8+)!6,*%!1,!B,D/(4+)!6&%!+4%%0%=!1C&K4%+&*8&!6C0*!):&*+0&1!
(O1&!3;!7371!6&!8&104@84!J,4+!+/0D/0(%!6)3,+!aT&(B,4*!0#!*9b=!YggXbE!M1!&%+!N!*/+&(!I0x0*&!'03148,+4/*!+($%!
()8&*+&! ,! (,''/(+)! 1,! 6)8/0:&(+&! 60! '(&B4&(! 145,*6! &*6/5$*&! 6&%! HpH!-! 1x,846&! \@23/@f]=fc@
64#?6(/()+4*/nI0&!aH0#1!0#!*9b=!Ygf`bE!
7&!J,y/*!4*+)(&%%,*+&=!1CQH!'&0+!)5,1&B&*+!14&(!22QHu^=!34&*!I0C,:&8!0*&!,JJ4*4+)!4*J)(4&0(&!
,0K!HQHE!|! +(,:&(%! 8&! ()8&'+&0(=! 1CQH! ()501&! 1,! +(,*%8(4'+4/*!6C0*&! ,0+(&! ',*/'14&! 6&! 5$*&%! 8431&%!
aV&((?!&+!</?=!Yggj}!.#,Z! 0#!*9b=! Ygg]bE!7C,'($%!6&! ()8&*+&%!)+06&%!B&*)&%! 3;! 73#81=! 1CQH!'/0((,4+!
,0%%4! 14&(! 1&%! ()8&'+&0(%! HdHu! aF,F<809*#04! 18(6*;! 8020(#18! =0#*b=! Gd92@"_MM! a&JK.! #8*;/283(#31;!
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!
!"#$%&'("#!$%!&'()*!+)*+$,#-."&'&*#*/$%&+'(01",!-./.01203#! 42!/.5360.0-.! ,2'3,3%!1.!-.7!$87.59236$07!
5.73.!:!;328465!+<5%7.'*$'".4#!(==>,!?3.@460AB2$0'*$'".4#!(==C,!D@$%'*$'".4#!(=EE"F!
G.7! 35$67! 7$%7A3H/.7! 1.! 'I'! .3! 1.! 'J'! 7$03! -$1;7! /25! 1.7! KL0.7! 167360-37! 763%;7! 7%5! 1.7!
-@5$M$7$M.7! 16NN;5.037! +I4M2720' *$' ".4#! EOO*,! P7@6Q2R2' *$' ".4#! EOO=,! S20K.471$5N' *$' ".4#! EOO(,!
S20K.471$5N'*$'".4#!EOO=,!S233.6'*$'".4#!EOOE,!TF!UF!V%'*$'".4#!EOOE"F!W$%5!-@2X%.!7$%7A3H/.#!64!.Y673.!
/4%76.%57!67$N$5M.7!+&284.2%!E"!16NN;5203!2%!069.2%!1.!4.%5!5;K6$0!ZA3.5M6024.!.3!X%6!7$03!4.!5;7%4323!
1[%0! ;/6772K.! 243.50236N! 1.7! I'Z! /5;AM.772K.57! $%! 1[%0.! %36467236$0! 16NN;5.036.44.! 1.7! /5$M$3.%57!
+B6K%.5.' *$' ".4#! EOO=,! <2730.5' *$' ".4#! EOO=,! G.5$H' *$' ".4#! EOOE,! Z2K/24' *$' ".4#! EOO(8,! D.4.03' *$' ".4#!
EOOE"F!
!"#" $%&'(%'&)*+),*-.-*
U$MM.!42!/4%/253!1.7!5;-./3.%57!0%-4;265.7#!4.7!'I'!$03!%0.!735%-3%5.!M$1%4265.!-$M/$7;.!
1.! 76Y! 5;K6$07! 1;76K0;.7! I! :! \! +\6K%5.! ]"F! U.33.! 735%-3%5.! -$M/5.01! 0$32MM.03! 1.%Y! 1$M260.7!
N$0-36$00.47!M2^.%57_! 4.!1$M260.!1.! 46267$0!:! 4[I`Z#! 4.!`a`!+56789,2:,2;':%<",2"! +5;K6$0!U"!.3! 4.!
1$M260.! 1.! 46267$0! 2%! 46K201#! 4.! Ga`! +.,;"2:89,2:,2;' :%<",2"! +5;K6$0! b"#! 7;/25;7! /25! %0.! 5;K6$0!
-@2506L5.! +5;K6$0! `"F! G.! 1$M260.! ZA3.5M6024! +Z&`#!68$*&<,2".' :%<",2"! .3! 4.! 1$M260.! UA3.5M6024!
-$55.7/$01.03!2%Y!5;K6$07!I)a!.3!\!5.7/.-369.M.03F!
!"#"#" /0*&12345*6*4'*+47035)*+)*8303,45*9*8:.;<*=;>;?*
G.!`a`!.73! 4.!1$M260.!4.!/4%7!-$07.59;!.3!72!735%-3%5.#!5;9;4;.!/25!5;7$020-.!M2K0;36X%.!
0%-4;265.! +'SZ"!.3! -5673244$K52/@6.#! -$0NL5.!2%Y!'I'! 42! -2/2-63;!:! 7.! N6Y.5!:!1.7! 7;X%.0-.7!1[I`Z!
7/;-6N6X%.7!+?.-36$0!(F("!+SF!?F!G..'*$'".4#!EOOC,!G%676'*$'".4#!EOOE,!?-@R28.'*$'".4#!EOOC"F!
$4',@%AB)* C,4D4&7),* /3205+*=3,47E&)*+)*8:0(3+)*&1%354FG')?*
-.-H*=<-#>#?* 'I'cE#!'I'c(! 3$%3A$&"2+#!OA#,+!
-.-I*=<-#>!?* 'I'dE#!'I'd(#!'I'dC#!'I'd*! 3$%3A$&"2+#!OA#,+!
-.-J*=<-#>K?* 'I'eE#!'I'e(! 3$%3A$&"2+#!OA#,+!
-L-H*=<-!>#?* 'J'cE#!'J'c(! OA#,+!
-L-I*=<-!>!?* 'J'dE#!'J'd(! OA#,+!
-L-J*=<-!>K?* 'J'eE#!'J'e(! OA#,+!
M0N8)0'*#O*$4',@%AB),*+),*-.-*)%*+),*-L-*0P)(*8)'&,*3,4D4&7),*)%*83205+,*&),B)(%3D,"**
G.7!0$M7!.035.!/25.03@L7.7!-$55.7/$01.03!:! 42!0$M.0-423%5.!Z'ZU! +Z'ZU#!EOOO"F!I12/3;!
1.!WF!U@2M8$0!+EOOf"F!
12
!
!
"#!$%&'()#!*+%,-+'(.#!#/0!1%&2%/3!$#!$#-4!&%0(5/!#)!$%(*0!$#!6()1!71%)0#)')0!+#/!,%80#/!9!
#0!:;<!$#-4!=3+(1#/!>!/#!1.%(/')0!?!')*+#!$.%(0!#0!$@-)#!#40#)/(%)!"A0#.&()'+#!7!"#$%&'()*+$,#$(-'.(<!
"BC;!1%&2.#)')0!$#-4!,%80#/!)%&&3#/!D!#0!B!!7E(*-.#!F;!7G'/0(#)!#0!H%1=#00#AC*+I<!JKKLM!N)#*0#++$#+
)*/<! OPPQM! H'/0()#R'$+ $#+ )*/<! JKKK;S! ! T! +@()03.(#-.! $#! 1='U-#!&%0(5! #)! $%(*0! $#! 6()1<! U-'0.#! .3/($-/!
1I/03()#! 1%)/#.V3/! 1%%.$%))#)0! $#! 5'W%)! 030.'3$.(U-#! -)! '0%&#! $#! 6()1S! "#/! $#-4! &%0(5/! /%)0!
.#2+(3/! $#! 5'W%)! ?! 5%.&#.! -)#! /0.-10-.#! 1%&2'10#! #0! ()0#.$32#)$')0#! 7D.')$'! #0! 9'/1-'+<! JKKO;S!
X@=3+(1#!>O!YA0#.&()'+#<!.#/2%)/',+#!$#!+'!.#1%))'(//')1#!$#!+@D:Y<!/@()/Z.#!$')/!+#!/(++%)!&'R#-.!$#!
1#+-(A1(!7H'/0()#R'$+$#+)*/<!JKKK;S!X'!,%80#!9<!2.3/#)0#!$')/!+#!&%0(5/!$#!$%(*0!$#!6()1!'$R'1#)0<!2#.&#0!
+'! /231(5(1(03! $#! 1#00#! .#1%))'(//')1#! 7D.')$'! #0! 9'/1-'+<! JKKO;S! X@=3+(1#! >J! .#1%-V.#!
2#.2#)$(1-+'(.#&#)0! +@=3+(1#!>O! #0! 1%)0.(,-#! ?! +'! /0',(+(/'0(%)! $#! +'! /0.-10-.#S![)#! '-0.#! ,%80#<! +'!
!
!"#$%&'()'*%#+,"-+."/,'0/1$2+"%&'1&-'3435'
D$'203!$#!D+!B')%-.I+$#+)*/!7JKOQ;S!
A/B C D E F 
NTD DBD LBD 
!"#
#"# $#%
%&#
'()*+,-./01,*213
'()*+,-4
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!
"#$%&! '(! )*+,&-%&! ./-,! 0&! ,&1#-.! 2#%34,! .&! .#35%! .&! 63-1(! &,%! 78/-%! 9! &00&! 32)0378+&! ./-,! 0/!
.32+*3,/%3#-!:;*/-./!&%!</,18/0(!=>>?@A!!
B/!43C/%3#-!,8*! 0D;'E!3-.83%!1&)&-./-%!.&,!1F/-5&2&-%,!1#-4#*2/%3#--&0,(!1&083G13!/53,,/-%!
1#22&!8-!&44&1%&8*!/00#,%+*378&!:H*#-&2&I&*!&%!J#8*58&%(!=>>KL!B&4,%3-!&%!M/2/2#%#(!?KKN@A!;3-,3(!
0&,!OPO!)#,,Q.&-%!8-&!F+031&!R!,8))0+2&-%/3*&!:RS@!./-,!0/!"#$%&!T!&-!/",&-1&!.D;'E(!0/78&00&!&,%!
!"#$%&'()'*%#+,"-+."/,'&.'-.%$0.$%&'.%"1"2&,."/,,&33&'1$'4546'
78! O&)*+,&-%/%3#-! ,1F+2/%378&! .&! 0D#*5/-3,/%3#-! .8! 'J'!2#-%*/-%! 0/! )#,3%3#-! *&0/%3U&! .&,!
"#$%&,!<(!'(!T!&%!;(!.&!2V2&!78&!0&,!F+031&,!R!?!&%!=!&%!0D&C%&-,3#-!WG%&*23-/0&!:WTX@A!;./)%+!
.&!J/3-!"#!$%&!:=>>Y@A!!
58! Z%*81%8*&! .8!'J'! .&! OPOA! B&,! )#3-%,! *#85&,! 1#**&,)#-.&-%! /8C! /%#2&,! .&! 63-1A! 'D/)*Q,!
[#02"&1\!"#!$%&!:?KKN"@!:<'J!?OPO@A!!
98!Z%*81%8*&!.&,!'J'!.8!1#2)0&C&!O;O]OPO!43C+!,8*!8-!+0+2&-%!.&!*+)#-,&!'O?!.D;'EA!B&,!
/%#2&,!.&!63-1!,#-%!3008,%*+,!&-!*#85&A!'D/)*Q,!O/,%3-&^/.!"#!$%&!:=>>>@:<'J!?'Z_@A!
A/B C D E F 
NTD DBD LBD 
Helix 2 D-box 
P-box 
Helix 1 
T-box A-box 
CTE 
A 
B C 
RXR 
RAR 
ADN 
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!
"#$%&'(!)*+,!"(!)%!$&-%'&*.!,/+!)0123!45*)67(89!"#!$%&:!;<<=%>!5*)67(89!"#!$%&:!;<<=7?@!!
!"#"!" $%&'()*+,&-&+.&/+0%*,1&/1&2*3%4*+,&/.&5*)%,/&6$789&
A%! +#B&*.! C! (,'! )%! "(/-&D6(! +#B&*.! )%! E)/,! 8*.,(+F#(! %E+D,! )(! 2G2@! H0(,'! /.! "*6%&.(!
$*.8'&*..()!8*6E)(-(:!8%+! &)!8*6E+(."!/.(!E*8I(!"(!)&%&,*.!"/!)&B%."!4AGJ:! %'($)*+,')*')(!-./0"#?:!
/.!"*6%&.(!"(!"&6#+&,%'&*.!('!/.(!$*.8'&*.!"(!'+%.,%8'&F%'&*.!"#E(."%.'(!"/!)&B%."!41KLM?!4G%,'&(.!
('! N*8I(''(LCB)O:! MPPQ?@! A%! ,'+/8'/+(! "/! AG2:! ,&6&)%&+(! (.'+(! N1N! ('! NRN:! (,'! 8*6E*,#(! "(! "*/S(!
I#)&8(,!T!45;!U!5;M?!('!"0/.!$(/&))('!V:!,&'/#!(.'+(!)(,!I#)&8(,!5W!('!5X!4K&B/+(!<?@!A(!'*/'!$*+6(!/.(!
,'+/8'/+(!(.!Y,%."Z&8IY!"(!'+*&,!$(/&))(',!%.'&LE%+%))D)(,!%F(8!5Q:!5W:!5=!5<!('!5;;!8*6E+&,(,!"%.,!
/.! $(/&))('! 8(.'+%)! 7*+"#! "(! 5;:! 5M:! ('! 5[! "0/.! 8\'#! ('! "(! 5X:! 5]! ('! 5;P! "(! )0%/'+(! 4K&B/+(! <:! U!
B%/8I(?! 4G%,'&(.! ('! N*8I(''(LCB)O:! MPPQ?@! A0I#)&8(! 5;M! HL'(+6&.%)(:! ^/&! (.B)*7(! )(! "*6%&.(! "(!
'+%.,%8'&F%'&*.!1KLM!+(,E*.,%7)(!"(,! &.'(+%8'&*.,!%F(8! )(,!8*+#B/)%'(/+,:!E*&.'(!F(+,! )0(-'#+&(/+!"/!
AG2!"(!N1NT!(.!%7,(.8(!"(!)&B%."@!
A(,!I#)&8(,!5]:!5<:!5;P!('!5;;:!"(!6_6(!^/(!)(,!7*/8)(,!A=`<!%."!A<`;P:!+(E+#,(.'(.'! )%!
!
:*).'1&;<&=4'.>4.'1&?8&/.&$78&
A(! AG2! "(! NRNT! (,'! 8*6E*,#! "(! "*/S(! I#)&8(,! T! 45;! U! 5;M?:! &))/,'+#(,! &8&! ,*/,! $*+6(! "(!
+/7%.,:!('!"0/.!$(/&))('!V:!,&'/#!(.'+(!)(,!I#)&8(,!5W!('!5X@!C))(,!$*+6(.'!/.!Y,%."Z&8IY!"(!'+*&,!
$(/&))(',!%.'&LE%+%))D)(,!4&6%B(!"(!B%/8I(?@!1"%E'#!"(!G*/+B/('!"#!$%&!4;<<W?!4J2G;AG2?@!
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!
"#$%&'(!)*+,-,$.)/0,$/"&-/.1!23/4#$(!567!28.#$4#(-!"#!$%&9!:6667;!<&!<8=!'.0>$(1)!?#&1)!@!(AA(!)("!
$,"/)#"! +B)$.>+.C("! >$.D(1&1-!0&E.$/-&/$(0(1-! )("! +,A/'("! FG9! FH!FI! (-! F559! )(!0J0(! ?#(! )#!
%(#/AA(-!K;!L&!"-$#'-#$(!),%/1/-!A&!">,'/%/'/-,!(-!A*&%%/1/-,!)#!A/4&1)!'($!A("!/1-($&'-/.1"!%.$0,("!(1-$(!A(!
A/4&1)!(-!!A("!$,"/)#"!/0>A/?#,"9!A("?#(A"!D&$/(1-!"(A.1!A("!".#"M-B>("!)(!NON;!28.#$4#(-!"#!$%&9!:666P!
Q(+/1! "#! $%&9! 5RRRP! SA&+.AT! "#! $%&9! :666P! SA&+.AT! "#! $%&9! 5RRU7;! <&! %/V&-/.1! )#! A/4&1)! /1)#/-! )("!
'+&14(0(1-"!'.1%.$0&-/.11(A"!"(!-$&)#/"&1-!>&$!#1!$(>."/-/.11(0(1-!)(!A*+,A/'(!F55!(1!'.1-/1#/-,!
&D('!F56!(-!>&$!#1!$(>A/(0(1-!)(!A*+,A/'(!F5:!"#$!FG!(-!FW9!$(%($0&1-!&/1"/!A&!<8=!'.00(!#1!>/X4(!@!
".#$/"!23/4#$(!557!(-!"-&C/A/"&1-!A&!"-$#'-#$(!28.#$4#(-!"#!$%&9!5RRHP!Y.$&"!(-!Q$.1(0(B($9!5RRU7;!Z(!
1.#D(&#V! $,"/)#"! "(! -$.#D(1-! &/1"/! (V>.","! @! A&! "#$%&'(! )#! <8Z9! %.$0&1-! #1! "/AA.1! +B)$.>+.C(!
2).0&/1(!O3M:7!>$.>/'(!@!A&!A/&/".1!)("!'.&'-/D&-(#$"!2D./$!L('-/.1!G;5;:7;!Z(!>A#"9!'("!'+&14(0(1-"!
'.1%.$0&-/.11(A"! "(! $,>($'#-(1-! "#$! A&! "#$%&'(! )(! )/0,$/"&-/.19! "-&C/A/"&1-! &/1"/! A*+,-,$.)/0X$(!
NON[N\N!28$(A/D(-!"#!$%&9!:66WP!=.4(1C($4!"#!$%&9!:66H7;!!
! !
!
"#$%&'! ()*! +,&%-,%&'! .'! /012,2&3.#45&'! 6768696! :%&! /07;<! 43=,&>=,! /0#=,'&?>-'! .'!
.#42&#:>,#3=@!
NON!(-!N\N!".1-!/'/!0.1-$,"!(1!>$,"(1'(!)*&'/)(!$,-/1.]?#(!RM)(*!2(1!D($-7;!<("!+,A/'("!^!".1-!
/AA#"-$,("!".#"!%.$0(!)(!$#C&1"!(-! /)(1-/%/,("!^5!(-!^:!2Z8Z7!.#!F5!@!F5:!2<8Z79!F5:!2O3M:7!
,-&1-!(1! $.#4(;! <("! %(#/AA(-"!K! ".1-! /)(1-/%/,"! L5!(-! L:;! <("! &-.0("!)(! T/1'! ".1-!0.1-$,"!(1!
$.#4(;!Y.)/%/,!)(!)(!<($&!"#!$%&!2:66I7;!
DBD LBD 
RAR 
RXR 
ADN 
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!
?Z7ZlZ ]9!:KM;C>!+!
G&++&! ()54/*! &%+! '&0! 8/*%&(:)&! &+! %&(+! 6&! 8#,(*4$(&! &*+(&! 1&!7V7! &+! 1&! >V7E! .,! %/0'1&%%&!
'&(B&+! 1,! (/+,+4/*! 60!7V7}! ,4*%4=! 1&%! #)+)(/64B$(&%! HQH^HpH! '&0:&*+! ,6/'+&(! 0*&! 8/*J/(B,+4/*!
,6)I0,+&!&+!%+,31&!,6,'+)&!,0K!64JJ)(&*+%!)1)B&*+%!6&!()'/*%&!a:/4(!.&8+4/*!YEYb!aQ(,*6,!&+!2,%80,1=!
YggfbE!7&!'10%=!1,!()54/*!7!8/*+4&*+!0*&!%)I0&*8&!6&!1/8,14%,+4/*!*081),4(&!a<>.=!;:290*8!912*93S*#31;!
/3$;*9b!&+!%&(,4+!4B'14I0)&!6,*%!1C4*+&(,8+4/*!,:&8!8&(+,4*%!8/()'(&%%&0(%!aG/#&*!0#!*9b=!Yggg}!2//*!&+!
G#&*=!YggobE!
?Z7Z3Z ]9!:KM;C>!,`-!CA!GCO9;>F!#[EF:O;>9<!U#)+V!
>&!<"7! 8/((&%'/*6! ,0K! ()54/*%! Q! &+! V! &+! 8/B'(&*6! 0*&! J/*8+4/*! 6&! +(,*%,8+4:,+4/*! Q_@f!
4*6)'&*6,*+&!60! 145,*6! a<,5',1! 0#!*9b=! f\\]}!<,5',1! 0#!*9b=! f\\Y,bE! >,! ()54/*!Q!&%+!'&0!8/*%&(:)&!
&*+(&! 1&%!64JJ)(&*+%! %/0%@+?'&%!&+! 4%/J/(B&%! a2E!G#,B3/*=!f\\XbE! ;*! (&:,*8#&=! 1,! ()54/*!V!&%+! +($%!
8/*%&(:)&!a",*&D,!0#!*9b=!f\\jbE!>,!*,+0(&!4*+(4*%$I0&B&*+!6)%/(6/**)&!60!<"7!,!&B'i8#)!D0%I0CN!
'()%&*+!1,!8,(,8+)(4%,+4/*!6&!%,!%+(08+0(&!aL,(+4*&U@P,'4&*!0#!*9b=!YgfcbE!;11&!8/*J$(&!8&'&*6,*+!0*&!
!
^;MA:F!77Q!(E:ADEA:F!E:;G;OF>J;C>>F<<F!GA!]-+!FE!DP9>MFOF>EJ!DC>kC:O9E;C>>F<J!;>GA;EJ!N9:!
<9!k;h9E;C>!GA!<;M9>GZ!
,V!.+(08+0(&!60!>V7!6&!HpHh!&*!,3%&*8&!6&!145,*6!a8/*J/(B,+4/*!,'/bE!Q6,'+)!6&!V/0(50&+!0#!
*9b!af\\`b!a27Vf>V7bE!!
-V!.+(08+0(&!60!>V7!6&!HQHw!,'($%!J4K,+4/*!60!145,*6!a8/*J/(B,+4/*!#/1/bE!.04+&!N!1,!14,4%/*!60!
145,*6=!1C#)148&!WfY!a&*!(/05&b!%&!(&'14&!%0(!1,!'/8#&!6&!J4K,+4/*!60!145,*6E!Q6,'+)!6&!H&*,06!
0#!*9b!af\\`b!a27Vf>V7bE!!
H12
H9
H10
H8
H7
H6
H5
H4
H3
H1
H2
H11
H12
H9
H10
H8
H7
H6
H5
H4
H3
H1
H2
H11
AR 
Apo Holo 
A B 
17
!
!
J1&K43414+)! '(/'48&! N! 1C,D/0+! 6&! B/64J48,+4/*%! '/%+@+(,608+4/**&11&%! a7?%/*! &+! e(45#+=! Ygg`bE! 2,(!
,411&0(%=! 6&! +&11&%! ()54/*%! */*@%+(08+0()&%! '&0:&*+! ,6/'+&(! 6&%! )+,+%! 8/*J/(B,+4/**&1%! '%&06/@
%+(08+0()%! +(,*%4+/4(&%! %04+&! N! 1C4*+&(,8+4/*! ,:&8! 6C,0+(&%! '(/+)4*&%! /0! &*! J/*8+4/*! 6C&JJ&+%!
,11/%+)(4I0&%! 14)%!N! 1,! 14,4%/*!%0(! 1CQ7<!ae,(*B,(R!0#!*9b=!Ygg]}!e(45#+!&+!7?%/*=!Ygf`bE!;*!&JJ&+=! 1,!
()54/*!V!8/*+4&*+!0*!6/B,4*&!(48#&!&*!'(/14*&%!a2HL=!(8193;0<8326!?1#3>b!&+!1&%!2HL!/*+!1,!8,',84+)!
6C4*+&(,54(!,:&8!6&%!'(/+)4*&%!8/*+&*,*+!6&%!6/B,4*&%!.W]!a`F&!X1?191$'!Nb!/0!ee!aL,84,%!0#!*9b=!
YggYbE!7&!'10%=! 1&!2HL!&%+! 1,!8431&!6&!B/64J48,+4/*%!'/%+@+(,608+4/**&11&%! a:/4(!.&8+4/*!`EYb=!8&!I04!
'&0+!&*5&*6(&(! 1,!J/(B,+4/*!6&!'%&06/@%+(08+0(&%!#)148/n6,1&%!&+!%&(:4(!6&!'/4*+!6C,*8(,5&!'/0(! 1&!
(&8(0+&B&*+!6C,0+(&%!8/B'1&K&%!B/1)801,4(&%!aV4&1%R,!&+!P/*61/=!YggX}!H/8#&++&@;51?!0#!*9b=!f\\jbE!
7&! ',(! 1,! '(/K4B4+)! 60! <"7! ,:&8! 1&! 7V7=! 1&%! 4*+&(,8+4/*%! '(/+)4I0&%! 4B'14I0,*+! 1&! <"7! '&0:&*+!
()501&(!1,!14,4%/*!6&%!HQH!%0(!1CQ7<!a>,1&:&&!0#!*9b=!YgfgbE!
Q4*%4=!B,15()!%,!8,(,8+)(4%,+4/*!4*%0JJ4%,*+&=!1&!<"7!8/*%+4+0&!0*!6/B,4*&!6/*+!1C4B'148,+4/*!
6,*%!1,!()501,+4/*!6&!1C,8+4:4+)!+(,*%8(4'+4/**&11&!6&%!HQH!&%+!6&!'10%!&*!'10%!(&8/**0&E!!
?Z7ZBZ ]9!:KM;C>!^!CA!GCO9;>F!5[EF:O;>9<!
>,!()54/*!_!&%+!+($%!'&0!8/*%&(:)&!&*!1/*50&0(!&+!&*!%)I0&*8&!&+!&%+!6C,411&0(%!,3%&*+&!6&!1,!
'10',(+! 6&%! ()8&'+&0(%! *081),4(&%! 6/*+! 1&%! HpHE! .,! %+(08+0(&! +(464B&*%4/**&11&! &%+! 4*8/**0&! &+! %,!
J/*8+4/*!B,1!8,(,8+)(4%)&E!M1!,!)+)!%055)()!I0C&*!(,4%/*!6&!%,!'(/K4B4+)!,:&8!1C#)148&!WfY!60!>V7=!&11&!
J,:/(4%&(,4+! 1,! 14,4%/*! 6&%! 8/()'(&%%&0(%! &*! ,3%&*8&! 6CQH! a:/4(! .&8+4/*! ]EfEfb! &*! %+,3414%,*+! 1,!
8/*J/(B,+4/*!,'/!a_,(3/06!&+!2(4:,1%R?=!YggcbE!7&!'10%=!&11&!'/0((,4+!14&(!8&(+,4*%!QH<B!%')84J4I0&%!
a:/4(!.&8+4/*!]E`b!a2//*!&+!G#&*=!YggobE!!
?Z?Z ]FJ!K<KOF>EJ!GF!:KNC>JF!U','&V!
?Z?Z7Z ]FJ!','&!D9>C>;RAFJ!
>&%!HQH;!/*+!)+)!81,%%4I0&B&*+!6)8(4+%!8/BB&!6&%!()')+4+4/*%!64(&8+&%!a43802#!80(0*#/=!7Hb!
6&! 6&0K! %)I0&*8&%! 8/*%&*%0%! `@HT[".Q@]! a/! H! ! Q! /0! T}! [! ! T! /0! "=! .! ! G! /0! T! %&1/*! 1,!
*/B&*81,+0(&! 6&! 1C9MG2Qb! %)',()&%! ',(! f=! Y! /0! `! *081)/+46&%! &+! */+)&%! 7Hf=! 7HY! &+! 7H`!
(&%'&8+4:&B&*+!a_450(&!fYQb!aQ1!",*/0(?!0#!*9b=!Ygfc}!V,1B&(!&+!V1/B#/JJ=!Ygg`}!V,%+4&*!&+!H/8#&++&@
;51?=! YggcbE! G&%! HQH;! /*+! )+)! 46&*+4J4)%! 6,*%! 1&%! '(/B/+&0(%! 6&! */B3(&0K! 5$*&%! 8431&%! 6&! 1CQH!
4B'14I0)%! 6,*%! 6&%! J/*8+4/*%! :,(4)&%! +&11&%! I0&! 1,! +(,*%8(4'+4/*=! 1,! %45*,14%,+4/*! 8&1101,4(&=! 1&!
6):&1/''&B&*+=!1&%!J/*8+4/*%!*&0(/*,1&%!&+!1,!%0''(&%%4/*!6&%!+0B&0(%!aQ1!",*/0(?!0#!*9b=!Ygf]bE!2,(!
&K&B'1&=! 1&%!7H`!%/*+!+(/0:)%!6,*%! 1&!'(/B/+&0(!6&%!5$*&%!HQHuY!a6&!"#&!0#!*9b=!f\\gb=!G~2YXQf!
a8?+/8#(/B&!2c`g=!J,B411&!YX=!%/0%@J,B411&!Q=!'/1?'&'+46&!fb!a>/0645!0#!*9b=!Ygggb=!L&4%Y!a>,1&:&&!0#!
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!
!
*9b=!Ygffb!&+!6&!'10%4&0(%!5$*&%!W/K!a#/B&/3/Kb! a70'&!0#!*9b=!f\\jbE!>&%!7HY!%/*+!+(/0:)%!6,*%! 1&!
'(/B/+&0(!6&%!5$*&%!GHV2M!aeE!GE!.B4+#!0#!*9b=!f\\fb!&+!GHQV2MM!a70(,*6!0#!*9b=!f\\Yb!&+!7Hf!6,*%!1&!
'(/B/+&0(! 6&! GHV2MM! aL,*5&1%6/(J! 0#! *9b=! f\\fbE! G&%! )1)B&*+%! 6&! ()'/*%&! )+,*+! 4*+(4*%$I0&B&*+!
,%?B)+(4I0&%=! 1&%! #)+)(/64B$(&%!HQH^HpH! 1&%! 14&*+! 6&! J,y/*! ,%?B)+(4I0&E! ;*! &JJ&+=! %0(! 1&%!7HY!&+!
7H`=!1&%!#)+)(/64B$(&%!,6/'+&*+!0*&!/(4&*+,+4/*!`@HpH^HQH@]=!,1/(%!I0&!8&++&!'/1,(4+)!&%+!4*:&(%)&!
%0(! 1&%!7Hf! a`@HQH^HpH@]b! a_450(&!fYV!&+!Gb! a2E!G#,B3/*=!f\\X}!H/8#&1! 0#!*9b=! YgffbE!7&!'10%=! 1&%!
()54/*%!60!7V7!4B'14I0)&%!6,*%!1C4*+&(J,8&!6&!64B)(4%,+4/*!:,(4&*+!%&1/*!1&!+?'&!6&!7H!aP&8#&1!0#!*9b=!
f\\c,}!P&8#&1!0#!*9b=!f\\c3bE!
?Z?Z?Z ">!<9:MF!:KNF:EC;:F!GF!','&!>C>[D9>C>;RAFJ!
!7&! J,y/*! 4*+)(&%%,*+&=! 6&%! ,*,1?%&%! ()8&*+&%! ',(! G#M2@%&I! a4BB0*/'()84'4+,+4/*! 6&!
8#(/B,+4*&! %04:4&! 6&! %)I0&*y,5&! #,0+! 6)34+b! /*+! B4%! &*! ):46&*8&! 6&%! %4+&%! */*@8,*/*4I0&%! MHg!
a3;708#04!80(0*#/b=!7Hg=!7Hj!&+!7Ho!)5,1&B&*+!14)%!',(!1&%!HQH!,:&8!0*&!J/(+&!,JJ4*4+)!aQ1!",*/0(?!0#!
*9b=!Ygfc}!L/0+4&(! 0#!*9b=!YgfYbE!7,*%! 1&! 8,%!6&%!7Ho=!&*!'10%!6&%!7Ho!81,%%4I0&%!64+%! %4B'1&%=!0*&!
B,D/(4+)!8/B'(&**&*+!+(/4%!6&B4@%4+&%!,:&8!6&%!&%',8&B&*+%!7Hg!&+!7HY=!6/**,*+! 14&0!N!6&%!7Ho!
8/B'/%4+&%!J/*8+4/**&1%E!>&%!7Hg=!34&*!I0&!+($%!J()I0&*+%=!*&!%&B31&*+!',%!'&(B&++(&!N!&0K!%&01%!
0*&! ()501,+4/*! +(,*%8(4'+4/**&11&! ',(! 1&%! HQHE! M1%! %/*+! &%%&*+4&11&B&*+! /880')%! ',(! 1&%! HQH! &*!
,3%&*8&!6&!145,*6!!aL/0+4&(!0#!*9b=!YgfYbE!
7&!'10%=! 1&!%8#)B,!%C&%+!8/B'1&K4J4)!,:&8! 1,!B4%&!&*!):46&*8&!6&!%4+&%!6&! 14,4%/*!,+?'4I0&%!
',(!6&%!&K')(4&*8&%!6&!G#M2!,%%/84)&%!N!0*&!#?3(46,+4/*!%0(!'08&%!N!Q7<!a&6I.!1;!263(bE!;*!&JJ&+=!1&%!
HQH!'&0:&*+!)5,1&B&*+!%&! 14&(!N!6&%!)1)B&*+%!6&!()'/*%&!6)5)*)()%=!8C&%+@N@64(&!64JJ)(,*+!',(!0*!
/0! '10%4&0(%! *081)/+46&%! 6&! 1,! %)I0&*8&! 8/*%&*%0%! 81,%%4I0&=! /0! 8/B'(&*,*+! 6&%! %)I0&*8&%!
8/*%&*%0%!81,%%4I0&%=!B,4%!,*/(B,1&B&*+!&%',8)&%!a7&1,8(/4K!0#!*9b=!YgfgbE!7&!J,y/*! 4*+)(&%%,*+&=!
8&%!&K')(4&*8&%!/*+!B/*+()!I0&!1&%!%4+&%!/880')%!',(!1&%!HQH!:,(4&*+!6C0*!+?'&!8&1101,4(&!N!1C,0+(&E!;*!
&JJ&+=! 1&! 8/*+&K+&! 8&1101,4(&! a:/8,+4/*! 6&! 64JJ)(&*84,+4/*! /0! 6&! '(/14J)(,+4/*b! &+! '#?%4/1/54I0&=!
1C&*:4(/**&B&*+!8#(/B,+4*4&*!&+!1,!'()%&*8&!6&!J,8+&0(%!6&!+(,*%8(4'+4/*!%')84J4I0&%!%/*+!,0+,*+!6&!
',(,B$+(&%!I04!64JJ$(&*+!%&1/*!1&%!+?'&%!8&1101,4(&!&+!I04! 4*J10&*8&*+! 1C,88&%%43414+)!,0K!)1)B&*+%!6&!
()'/*%&!a7&1,8(/4K!0#!*9b=!Ygfg}!>,1&:&&!0#!*9b=!YgffbE!2,(!&K&B'1&=!0*&!)+06&!()8&*+&!,!(,''/(+)!0*&!
(&64%+(430+4/*! 5)*/B4I0&! 6&! 1x/880',+4/*! 6&%! #)+)(/64B$(&%! HQH^HpH! ,0! 8/0(%! 60! '(/8&%%0%! 6&!
64JJ)(&*84,+4/*!6&%!8&1101&%!_\!6C&B3(?/8,(84*/B&!6&!%/0(4%!&*!&*6/6&(B&!'(4B4+4J!! aG#,+,5*/*!0#!
*9b=!Ygf`bE!7,*%!1&%!8&1101&%!_\!*/*!64JJ)(&*84)&%=!1&%!#)+)(/64B$(&%!%/*+!'()J)(&*+4&11&B&*+!J4K)%!,0K!
7Hg!,1/(%!I0&!6,*%!1&%!8&1101&%!64JJ)(&*84)&%=!41%!J4K&*+!'10+O+!1&%!HQH;!8,*/*4I0&%=!&*!',(+48014&(!1&%!
7H`E! G&++&! ,88&%%43414+)! 64JJ)(&*+4&11&! ',(+484'&! N! 1,! ()501,+4/*! J4*&! 6&! 1,! +(,*%8(4'+4/*! HQH@
6)'&*6,*+&E!
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!
^;MA:F!7?Q!]FJ!G;kkK:F>EJ!E=NFJ!GF!','&Z!
,V!>&%!)1)B&*+%!6&!()'/*%&!6&%!#)+)(/64B$(&%!HQH@HpH!%/*+!8/B'/%)%!6&!6&0K!()')+4+4/*%!
64(&8+&%!a7Hb!/0!4*:&(%)&%!aMHb!60!B/+4J!#&K,B)(4I0&!`C@HT[".Q@]C!&%',8)&%!',(!g!a7Hg^MHgb=!f!
a7Hfb=! Y! a7HYb=! `! a7H`b=! j! a7Hjb! /0! o! a7Hob! *081)/+46&%E! G&(+,4*%! 7Ho=! 64+%! 8/B'/%4+&%=!
8/B'(&**&*+!+(/4%!6&B4@%4+&%!,:&8!6&%!&%',8&B&*+%!7Hg!&+!7HYE!k0&1I0&%!&K&B'1&%!6&!HQH;!
%4+0)%! %0(! 1&! '(/B/+&0(! 6&! 5$*&%! 8431&%! 6&! 1CQH! %/*+!B/*+()%E! >&%! %)I0&*8&%! &*! 31&0! &+! &*!
/(,*5&!(&'()%&*+&*+!1&!%4+&!6&!14,4%/*!6&%!HQH!&+!HpH!(&%'&8+4:&B&*+E!!
-V!74JJ)(&*+&%!/(4&*+,+4/*%!&+!5V! %+(08+0(&!6&%!#)+)(/64B$(&%!HQH^HpH! %&1/*! 1&! +?'&!6&!7HE!
.0(!1&%!7Hf=!1&!B/+4J!#&K,B)(4I0&!`C!&%+!/880')!',(!HQH=!,1/(%!I0&!%0(!1&%!7H`=!41!&%+!/880')!
',(!HpHE!!
L/64J4)!6&!L/0+4&(!0#!*9b!aYgfYb=!V,%+4&*!&+!H/8#&++&@;51?!aYggcb!&+!H/8#&1!0#!*9b!aYgffbE!
5’ RGKTSA (0,1,2,5,7,8) RGKTSA 3’ 
AGTTCA CCCAA AGTTCA CYP26a1 
GGTTCA CCGAA AGTTCA Hoxa1 
GGTTCA CCGAA AGTTCA RARβ2 DR5 
AGTTCA CC AGGTCA CRABPII 
AGGTCA AA AGGTCA CRBPI DR2 
AGGTCA C AGGTCA CRBPII DR1 
AGGTCA CGATCTGG AGTTCA Dedd DR8 simple 
AGGTCA AGGTCA Socs3 DR0 
GGGTCACAAGTTCAAGGTCA Spc25 DR8 composite 
DR0 
DR2 
DR8 
A 
RXR RAR 
DBD 
NTD 
DR5 
DBD 
LBDs 
NTD 
DBD 
NTD 
RAR RXR 
DBD 
NTD 
DR1 
LBDs 
B 
C 
RAR 
RXR 
5’ 3’ 
RAR 
RXR 
5’ 3’ 
DR1 DR5 
GGGTCA TGACCC Trim16 IR0 
AGGTCA GGCTGCC AGTTGA Lefty1 DR7 
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!
?Z?ZlZ *<KOF>EJ!GF!:KNC>JF!G;JE9>EJ!
7,*%! 1&!8,%!6&!8&(+,4*%!5$*&%!8431&%=!6/*+! 1C&K&B'1&!+?'&!&%+!&c.%),+=! 1C&K4%+&*8&!6&!6&0K!
HQH;! J/*8+4/**&1%!,!)+)!B/*+()&! a_450(&!f]b! a>/0645! 0#!*9b=!YgggbE! >&! %&8/*6!HQH;=!64+!64%+,1! aHYb=!
'&0+!%&!+(/0:&(!N!0*&!64%+,*8&!,11,*+!D0%I0CN!Ygg!R41/3,%&%!aR3b!60!%4+&!6C4*4+4,+4/*!6&!1,!+(,*%8(4'+4/*!
a"..=! #8*;/283(#31;! /#*8#! /3#0b! '($%!60I0&1! %&! +(/0:&! 1&!HQH;!'(/K4B,1! aHfb! aV4664&! 0#! *9b=! YgfgbE! >,!
J/(B,+4/*! 6&! 3/081&%! 6&! 8#(/B,+4*&! '&(B&+! *),*B/4*%! N! 8&%! 6&0K! HQH;! 64%+,*+%! 6C4*+&(,54(!
'#?%4I0&B&*+! 6,*%! 0*! 8/*+&K+&! 6&! 8//')(,+4:4+)! &*! :0&! 60! (&8(0+&B&*+! 6&! 8/J,8+&0(%! &+! 6&! 1,!
B,8#4*&(4&! +(,*%8(4'+4/**&11&! aV4664&! 0#! *9b=! Ygfg}! V(08R! 0#! *9b=! Ygg\}!7/?1&! 0#! *9b=! YgfcbE! Q4*%4=! 8&!
HQH;! 64%+,1! D/0&! 0*! (O1&! 6C0*! v0;6*;208v! &+! %?*&(54%&! ,:&8! 1&! HQH;! '(/K4B,1! ,J4*! 6C,B'14J4&(! 1,!
()'/*%&!+(,*%8(4'+4/**&11&!N!1CQH!a>/0645!0#!*9b=!YgggbE!!
! !
!
^;MA:F!7lQ!','&!N:Ch;O9<!FE!','&!G;JE9<Q!A>!:r<F!J=>F:M;RAFZ!
7,*%! 1&! 8,%! 6&! 8&(+,4*%! 5$*&%! +&1%! &c.%),+=! 6&0K! HQH;! J/*8+4/**&1%! 8/&K4%+&*+-! 0*! HQH;!
'(/K4B,1!aHfb!&+!0*!HQH;!64%+,1!aHYb=!I04!%?*&(54%&*+!'/0(!'&(B&++(&!0*&!()'/*%&!B,K4B,1&!N!
1CQHE!L/64J4)!6&!V(08R!0#!*9b!aYgg\b!
Machinerie 
transcriptionnelle 
RXR
 RAR
 
Cofacteurs 
R1 
proximal 
R2 
distal 
AR 
AR 
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!
5W,Y$)'&!lQ !'*/"],)$.#!+&!],!)',#(5'$Y)$.#!Y,'!]S,5$+&!'*)$#.ng"&!!
lZ7Z ]F!OCGo<F!D<9JJ;RAF!
>&%! HQH! %/*+! 6&%! J,8+&0(%! 6&! +(,*%8(4'+4/*! 4*608+431&%! ',(! 1&! 145,*6E! .&1/*! 1&! B/6$1&!
81,%%4I0&!6&!1,!()501,+4/*!+(,*%8(4'+4/**&11&!',(!1&%!HQH!a_450(&!fcb=!1&%!HQH;!,88&%%431&%!5(8&!N!0*!
8/*+&K+&!8#(/B,+4*4&*!J,:/(,31&!'&0:&*+!i+(&!/880')%!',(!1&%!#)+)(/64B$(&%!HQH^HpHE!a741Z/(+#!&+!
G#,B3/*=!YggfbE!;*!,3%&*8&!6CQH=!41%!()'(4B&*+!1C,8+4:4+)!+(,*%8(4'+4/**&11&!&*!J,:/(4%,*+!1&!B,4*+4&*!
6C0*&!8#(/B,+4*&!8/B',8+&!4B'(/'(&!N!1,!+(,*%8(4'+4/*E!204%=!%04+&!N!1,!J4K,+4/*!6&!1CQH=!41%!,8+4:&*+!
1C&K'(&%%4/*!6&%!5$*&%E!.&1/*!8&!B/6$1&=! 1CQH!B/601&! 1,! +(,*%8(4'+4/*!6&%!5$*&%!8431&%!&*!,54%%,*+!
8/BB&!0*!4*+&((0'+&0(!,0!*4:&,0!6&%!HQH!6)DN!'()%&*+%!%0(!1CQ7<E!!
lZ7Z7Z 'KN:FJJ;C>!F>!9LJF>DF!GF!<;M9>G!
;*! ,3%&*8&! 6&! 145,*6=! 1&%! #)+)(/64B$(&%! HQH^HpH! '()%&*+%! %0(! 1&%! HQH;! 6&%! 5$*&%! 8431&%!
%/*+!,%%/84)%!N!6&!1,(5&%!8/B'1&K&%!'(/+)4I0&%!a_450(&!fc!Q=!_450(&!f`b!a.+&Z,(+!&+!e/*5=!Ygg\bE!G&%!
8/B'1&K&%! &K&(8&*+! 64:&(%&%! ,8+4:4+)%! &*U?B,+4I0&%! %0(! 1&%! #4%+/*&%! a6),8)+?1,+4/*=!
B)+#?1,+4/*^6)B)+#?1,+4/*=!034I04+4*,+4/*b!I04! 8/B',8+&*+! 1,! 8#(/B,+4*&!&+! 1,!B,4*+4&**&*+!,4*%4!
6,*%! 0*! )+,+! ()'(&%%4JE! M1%! '&0:&*+! )5,1&B&*+! B)+#?1&(! 1&%! q1/+%! G'T! 6&! 1CQ7<! N! '(/K4B4+)! 6&%!
'(/B/+&0(%=!&B'i8#,*+!1,!J4K,+4/*!6&%!J,8+&0(%!6&!+(,*%8(4'+4/*!aV4(6=!f\oX}!2&(4%%4!0#!*9b=!YgfgbE!G&%!
B/64J48,+4/*%!&+!1&%!8/B'1&K&%!4B'14I0)%!%/*+!6)+,411)%!6,*%!1,!203148,+4/*!fE!V(4$:&B&*+=!1&!8r0(!60!
8/B'1&K&! ()'(&%%&0(!'(4*84',1! (&'/%&!%0(!6&0K!'(/+)4*&%!,''&1)&%!v8/()'(&%%&0(%v-!<G/H! a;:290*8!
8020(#18!2180(80//18b!&+!.LH"!a/390;23;$!?043*#18!1>!80#3;132!*234!*;4!#6'8134!618?1;0!8020(#18b!aAE!
7E!G#&*!&+!;:,*%=!f\\`}!W/(1&4*!0#!*9b=!f\\`}!.,*6&!&+!2(4:,1%R?=!f\\XbE!G&0K@84!%/*+!+($%!,'',(&*+)%=!
+,*+! ,0! *4:&,0! 6&! 1&0(! %)I0&*8&! I0&! 6&! 1&0(! J/*8+4/*! aAE! 7E! G#&*! 0#! *9b=! f\\X,bE! M1%! *C/*+! ,080*&!
,8+4:4+)! &*U?B,+4I0&! 4*+(4*%$I0&! 8/**0&=!B,4%! 4*+&(,54%%&*+! ,:&8!HQHh!&*! ,3%&*8&!6&! 145,*6!&+! ?!
D/0&*+! 1&! (O1&! 6&! '1,+&J/(B&! '/0(! 0*! (&8(0+&B&*+! 6&%! ,0+(&%! '(/+)4*&%! 60! 8/B'1&K&! ()'(&%%&0(!
8/BB&! "V>f! a#8*;/4:23;! =0#*<93B0! (81#03;! +b=! "V>Hf! a-"_+<809*#04! (81#03;! +b! &+! 6&%! #4%+/*&%!
6),8&+?1,%&%! aW7QGb! a2&(4%%4! 0#! *9b=! YgfgbE! ;*! &JJ&+=! <G/H! &+! .LH"! '/%%$6&*+! 0*! 6/B,4*&!
6C4*+&(,8+4/*!,:&8!1&%!()8&'+&0(%!*081),4(&%!aG/H<H@3/Kb!8/*+&*,*+!0*&!%)I0&*8&!8/*%&*%0%!>pp!M^W!
M!ppp!M^>!&+!J/(B,*+!0*&!#)148&!'/4*+,*+!:&(%!1C&K+)(4&0(!a2&(4%%4!0#!*9b=!f\\\bE!G&!6/B,4*&!'&0+!,4*%4!
4*+&(,54(!,:&8!HQHh!73*!1&!%411/*!#?6(/'#/3&!J/(B)!',(!%&%!#)148&%!W]!&+!Wc!&*!,3%&*8&!6&!145,*6E!G&!
J,4%,*+=!<G/H!&+!.LH"!B,%I0&*+!1,!%0(J,8&!6C4*+&(,8+4/*!6&!1C#)148&!WfY!6&!HQHh=!(&*6,*+!&K810%4:&!
1C4*+&(,8+4/*!6&%!8/()'(&%%&0(%!,0!6)+(4B&*+!6&%!8/,8+4:,+&0(%!a_450(&!fXb!aW0!&+!>,U,(=!f\\\bE!V4&*!
I0&! <G/H! &+! .LH"! '&0:&*+! +/0%! 6&0K! 14&(! HQHh=! 8&104@84! 4*+&(,54+! 8&'&*6,*+! '()J)(&*+4&11&B&*+!
,:&8!.LH"!aG/#&*!0#!*9b=!YggfbE!
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!
!
^;MA:F!73Q!0CGo<F!D<9JJ;RAF!GF!<S9DE;I9E;C>!GF!<9!E:9>JD:;NE;C>!N9:!<FJ!','Z!
,V!;*!,3%&*8&!6&!145,*6=!1&%!#)+)(/64B$(&%!HQH^HpH!%/*+!14)%!,0!'(/B/+&0(!6&%!5$*&%!8431&%!
&+! %/*+! ,%%/84)%! N! 6&%! 8/()'(&%%&0(%E! G&0K@84! B,4*+4&**&*+! 1,! 8#(/B,+4*&! 6,*%! 0*! )+,+!
8/B',8+! 73*! 6&%! B/64J48,+4/*%! 4*#434+(48&%! 6&%! I0&0&%! 6C#4%+/*&%=! ()'(4B,*+! ,4*%4! 1,!
+(,*%8(4'+4/*E!!
-V! >,! J4K,+4/*!6&! 1CQH!'(/:/I0&! 1,! 64%%/84,+4/*!6&%! 8/B'1&K&%!6&! 8/()'(&%%&0(%=! '&(B&++,*+!
,4*%4! 1&!(&8(0+&B&*+!6&!8/,8+4:,+&0(%!I04!6)8/B',8+&*+! 1,!8#(/B,+4*&!',(!6&%!B/64J48,+4/*%!
,8+4:,+(48&%! 6&%! #4%+/*&%! &+! 6)'1,8&*+! 1&%! *081)/%/B&%! &*8/B3(,*+! 1,! ()54/*! '(/K4B,1&! 60!
'(/B/+&0(E!
5V!>,!B,8#4*&(4&!+(,*%8(4'+4/**&11&=!8/B'/%)&!60!8/B'1&K&!B)64,+&0(=!6&!1CQH<!'/1?B)(,%&!MM!
aQH<!2/1!MMb!&+!6&%!J,8+&0(%!5)*)(,0K!6&!+(,*%8(4'+4/*!a_T"b!'&0+!,4*%4!i+(&!(&8(0+)&!&+!4*4+4&(!1,!
+(,*%8(4'+4/*E!!
L/64J4)!6&!V/0(!0#!*9b!aYggjbE!
RXR RAR 
!
!
Coactivateurs 
ARN Pol II 
Médiateur 
FGTs 
transcription 
RXR                           RAR           
RXR RAR 
transcription 
Corépresseurs 
A 
B 
C 
!
!
AR 
AR 
AR 
AR 
AR 
AR 
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!
!
G&'&*6,*+=! 41! &K4%+&! ,0%%4! +/0+&! 0*&! ',*/'14&! 6C,0+(&%! '(/+)4*&%! ()'(&%%4:&%! I04!
*C4*+&(:4&**&*+!',%!73*!.LH"!&+!<G/HE!GC&%+!1&!8,%!*/+,BB&*+!6&!.4*]!a)5,1&B&*+!,''&1)!B.4*]Qb=!
6&%! 8/B'1&K&%! 2HGf! &+! 2HGY! a.19'21?=! F0(80//370! &1?(90@! f! &+! YbE! M1! &K4%+&! )5,1&B&*+! 6&%!
8/()'(&%%&0(%! 145,*6@6)'&*6,*+%! */*@8/*:&*+4/**&1%! a:/4(! .&8+4/*! ]EcEYb! ! aT411&%'4&! &+! T06,%=!
Yggj,}!T411&%'4&!&+!T06,%=!Yggj3}!LE!TE!>&&!0#!*9b=!Yggj}!<,5?!0#!*9b=!f\\jbE!
M1!&%+!4B'/(+,*+!6&!*/+&(!I0&!1,!J4K,+4/*!N!1CQ7<!6&!HQHu!&+!HQHw!&*!,3%&*8&!6&!145,*6!*C&%+!
5)*)(,1&B&*+! ',%! ,%%/84)&! N! 1,! ()'(&%%4/*E! ;*! &JJ&+=! 8/*+(,4(&B&*+! N! HQHh=! HQHu! &+! HQHw!
4*+&(,54%%&*+! '&0! ,:&8! 1&%! 8/()'(&%%&0(%E! M1! ,! )+)! '(/'/%)! I0&! 8#&U! 8&%! 6&0K! %/0%@+?'&%=! WfY!
4*+&(,54+! ,:&8!W]!BiB&!&*!,3%&*8&!6&! 145,*6=!/3%+(0,*+! ,4*%4! 1&! %4+&!6C,*8(,5&!6&%! 8/()'(&%%&0(%!
a_,(3/06!0#!*9b=!Ygg]}!W,0R%6/++4(!0#!*9b=!Ygg]bE!
lZ7Z?Z ,DE;I9E;C>!GF!<9!E:9>JD:;NE;C>!F>!:KNC>JF!9A!<;M9>G!
"&1! I0&! B&*+4/**)! '()8)6&BB&*+=! 1,! J4K,+4/*! 60! 145,*6! 4*604+! 6&%! 8#,*5&B&*+%!
8/*J/(B,+4/**&1%!60!>V7!6&!HQHh!%&! +(,604%,*+!',(!0*&! ()/(4&*+,+4/*!6&! 1C#)148&!WfY! a_450(&!fXbE!
G&1,!()%01+&!&*!1,!J/(B,+4/*!6C0*!%411/*!#?6(/'#/3&!&*+(&!W]=!Wc!&+!WfYE!7&0K!()%460%!8#,(5)%=!0*!
,846&!510+,B4I0&!6&! 1C#)148&!WfY!&+!0*&! 1?%4*&!6&! 1C#)148&!W]=! D/0&*+! 1&! (O1&!6C0*&!v'4*8&v!8#,(5)&!
'&(B&++,*+! 1C4*+&(,8+4/*! ,:&8! 1&! B/+4J! >pp>>! a<H@3/Kb! 6&%! 8/,8+4:,+&0(%! 6&! 1,! J,B411&! 6&%! 'fXg!
a2&(4%%4!&+!H/%&*J&16=!Ygg`bE!G&++&!8/*J/(B,+4/*!60!>V7! 4*604+&!',(! 1&! 145,*6!*C&%+!'10%!8/B',+431&!
!
^;MA:F!7BQ!5C:KN:FJJFA:J!FE!DCON<FhFJ!9JJCD;KJZ!
2()%&*+,+4/*!6&%!'(4*84',0K!8/()'(&%%&0(%!&+!6&!1&0(%!8/B'1&K&%=!(&5(/0')%!',(!1&%!J/*8+4/*%!
,0KI0&1%!41%!%/*+!,%%/84)%E!L/64J4)!6&!2&(4%%4!0#!*9b!aYgfgbE!
RXR RAR 
HDAC 
TBL1 
TBLR1 
SMRT 
NCOR 
NR1P1 
PRAME 
TRIM24 PRC2 PRC1 
Sin3 
Remodelage de  
la chromatine  
ATP-dépendant 
Méthylation / 
Déméthylation 
des histones 
Ubiquitylation 
des histones 
Déacétylation des histones 
Corépresseurs 
Ligands-dépendants 
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!
!
,:&8! 1,! J4K,+4/*! 6&! 8/()'(&%%&0(%! 6/*+! 1&!B/+4J! 6C4*+&(,8+4/*! >pp! M^W! M! ppp! M^>! &%+! +(/'! 1/*5! '/0(!
%C4*%)(&(!6,*%!1,!'4*8&!8#,(5)&!a2&(4%%4!0#!*9b=!f\\\bE!
>&%! 8/,8+4:,+&0(%! 6&! 1,! J,B411&! 'fXg! /0! .HG! a/#08134! 8020(#18! 21*2#37*#18b=! J/(B&*+! 0*&!
J,B411&!6&!+(/4%!B&B3(&%-!.HG@f!a)5,1&B&*+!,''&1)!<GdQf!a;:290*8!8020(#18!21*2#37*#18!+bb=!.HG@Y!
a<GdQY! a;:290*8! 8020(#18! 21*2#37*#18! %b=! THM2f! a$9:21218#32134! 8020(#18<3;#08*2#3;$! (81#03;! +b! /0!
!
^;MA:F!72Q!5C>kC:O9E;C>!GA!]-+!F>!N:KJF>DF!GF!DC9DE;I9EFA:J!CA!GF!DC:KN:FJJFA:JZ!
,V!.+(08+0(&!60!>V7!6&!HpHh!&*!,3%&*8&!6&!145,*6!a27Vf>V7bE!!
-V!.+(08+0(&!60!>V7!6&!HQHw!&*!'()%&*8&!6&!145,*6!a27VY>V7bE!!
5V!.+(08+0(&!60!>V7!6&!HpHh!&*!'()%&*8&!6C0*!,5/*4%+&!&+!6C0*!B/+4J!8/,8+4:,+&0(! a<H@3/Kb!
a27VfLFGbE!
+V! .+(08+0(&! 60! >V7! 6&! 22QHh! &*! '()%&*8&! 6C0*! ,*+,5/*4%+&! &+! 6C0*! B/+4J! 8/()'(&%%&0(!
aG/H<H@3/Kb!a27Vf[[kbE!!
L/64J4)!6&!6&!>&(,!0#!*9b!aYggjbE!
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!
!
"M_Y!a#8*;/283(#31;*9! 3;#08?043*8'!>*2#18!%bb!&+!.HG@]!a<GdQ]!a;:290*8!8020(#18!21*2#37*#18!Nb=!QMVf!
a*?(93>304!3;!=80*/#!+b=!QG"H!a*20#'9#8*;/>08*/0b=!HQG]!a8020(#18<*//123*#04!21*2#37*#18!Nb!/0!"HQLf!
a#6'8134! 618?1;0! 8020(#18! *2#37*#18! ?1902:90! +bbE! M1%! '/%%$6&*+! 0*&! ,8+4:4+)! ,8)+?1+(,*%J)(,%&!
4*+(4*%$I0&! &+! %&(:&*+! ,0%%4! 6&! '1,+&J/(B&! '/0(! 1&! (&8(0+&B&*+! 6C,0+(&%! '(/+)4*&%! '&(B&++,*+! 1&!
(&B/6&1,5&! 6&! 1,! 8#(/B,+4*&! 4*810,*+! */+,BB&*+! 1&%! B)+#?1+(,*%J)(,%&%! GQHLf! a21*2#37*#18<
*//123*#04! *8$3;3;0! ?0#6'9#8*;/>08*/0! +b! &+! 2HL"f! a.81#03;! *8$3;3;0! L<?0#6'9#8*;/>08*/0! +b=! 6&!
BiB&! I0&! 1&%! ,8)+?1+(,*%J)(,%&%! ']gg^GV2! a&FG"<=3;43;$! (81#03;b! &+! 'GQ_! a(N\\A&".<*//123*#04!
>*2#18b! a_450(&! fjb! a>&J&3:(&! 0#! *9b=! Ygg`bE! G&%! B/64J48,+4/*%=! 6)+,411)&%! 6,*%! 1,! 203148,+4/*! f=!
6)8/*6&*%&*+! 1,!8#(/B,+4*&!&+!8()&*+!0*!v8/6&!6&%!#4%+/*&%v!'&(B&++,*+! 1&! (&8(0+&B&*+!6C,0+(&%!
8/B'1&K&%!,8+4:,+&0(%!8/BB&!1&%!8/B'1&K&%!."QTQ=!L>>`=!<9H_!&+!1&!8/B'1&K&!6&!(&B/6&1,5&!6&!
1,!8#(/B,+4*&!Q"2@6)'&*6,*+!.eM^.<_!,J4*!6C/3+&*4(!0*&!6)8/B',8+4/*!/'+4B,1&!aG/%5(/:&!0#!*9b=!
Yggc}!741Z/(+#!0#!*9b=!Yggg}!_0D4R4!0#!*9b=!Ygg\}!H0+#&*30(5!0#!*9b=!Yggj}!e?%/8R,!0#!*9b=!YggX}!P#,/!0#!
*9b=!YggobE!
Q4*%4=!1C&*%&B31&!6&!8&%!B/64J48,+4/*%!)+,314%%&*+!0*!8/*+&K+&!J,:/(,31&!,0!(&8(0+&B&*+!6&!
1,!B,8#4*&(4&!+(,*%8(4'+4/**&11&!73*! 1&!8/B'1&K&!B)64,+&0(E!G&!8/B'1&K&!4*+&(,54+!,:&8!1&!6/B,4*&!
Q_@Y!6&%!HQH!14)%!,0!145,*6!73*!1,!%/0%@0*4+)!7HM2Yg`^"HQ2YYg!I04!8/*+4&*+!0*!B/+4J!>pp>>!aL,14R!&+!
H/&6&(=!Yggg}!e/?8#4R!&+!W,B'%&?=!YggYbE!>,!B,8#4*&(4&!(&8(0+)&!4*810+!1CQH<!'/1?B)(,%&!MM!aQH<!
2/1!MMb=!6&!BiB&!I0&!%4K!J,8+&0(%!5)*)(,0K!6&!+(,*%8(4'+4/*!a_T"%b!ad('#,*46&%!0#!*9b=!f\\XbE!
!
^;MA:F!76Q!5C9DE;I9EFA:J!FE!DCON<FhFJ!9JJCD;KJZ!
2()%&*+,+4/*!6&%!'(4*84',0K!8/()'(&%%&0(%!&+!6&!1&0(%!8/B'1&K&%=!(&5(/0')%!',(!1&%!J/*8+4/*%!
,0KI0&1%!41%!%/*+!,%%/84)%E!
RXR RAR 
p160 
PRMT1 
CARM1 
MLL5 
NURF 
STAGA 
P300/CBP 
Remodelage de  
la chromatine  
ATP-dépendant 
Méthylation / 
Déméthylation 
des histones 
Acétylation des histones 
Déubiquitylation 
des histones 
p300 
SWI/SNF 
AR 
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!
lZ?Z ,A[GF<p!GA!OCGo<F!D<9JJ;RAF!
V4&*!I0&!1&!B/6$1&!81,%%4I0&!,4+!)+)!:,146)!&K')(4B&*+,1&B&*+=!41!%&B31&!I0&!1C,8+4:,+4/*!6&!
1,! +(,*%8(4'+4/*! HQH@6)'&*6,*+&! '04%%&! )5,1&B&*+! %C/')(&(! %&1/*! 6&%! B)8,*4%B&%! 64JJ)(&*+%E! ;*!
&JJ&+=! 6&%! &K')(4&*8&%! ()8&*+&%! 6&! GWM2@%&I! /*+! ():)1)! I0&! %&01&! 0*&! J,431&! '(/'/(+4/*! 6&%! HQH;!
%/*+!/880')%!',(!1&%!HQH!6&!J,y/*!8/*%+4+0+4:&!aV(08R!0#!*9b=!Ygg\}!7&1,8(/4K!0#!*9b=!Ygfg}!L,#/*?!0#!
*9b=!Ygff}!L/0+4&(!0#!*9b=!YgfYbE!2,(!8/*+(&=!0*!5(,*6!*/B3(&!6&!HQH;!6&:4&**&*+!/880')%!',(! 1&%!
HQH!&*!()'/*%&!,0!145,*6E!!
M1! ,! )+)!'(/'/%)!I0C&*!,3%&*8&!6&! 145,*6=! 1&%!HQH;! %/*+! 8/*%+4+0+4:&B&*+! 4*,88&%%431&%=! &+!
6/*8!4*/880')%=!&*!(,4%/*!6&!1C)+,+!8/B',8+!6&!1,!8#(/B,+4*&E!G&1,!4B'14I0&!I0&!1CQH!6/4+!6/**&(!1&!
%45*,1! N! 1C4*4+4,+4/*!6C0*&! 8,%8,6&!6C):)*&B&*+%! '&(B&++,*+! 1,! 6)8/B',8+4/*!6&! 1,! 8#(/B,+4*&! &*!
:0&! 6&! (&*6(&! 1&%! HQH;! ,88&%%431&%! ,0K! HQHE! 7C,'($%! 6&%! +(,:,0K! ()8&*+%! 60! 1,3/(,+/4(&=! 8&!
(),((,*5&B&*+!6&! 1,! 8#(/B,+4*&! %&(,4+! ,++(430,31&!N!6C,0+(&%!&JJ&+%!6&! 1CQH! 8/BB&! 1C,8+4:,+4/*!6&!
R4*,%&%E!;*!&JJ&+=!8&%!R4*,%&%!'#/%'#/(?1&*+!1&%!#4%+/*&%=!1&%!HQH!6&!BiB&!I0&!'10%4&0(%!8/B'1&K&%!
'(/+)4I0&%! 4B'14I0)%! 6,*%! 1&! (&B/6&1,5&! 6&! 1,! 8#(/B,+4*&! a:/4(! .&8+4/*! `Efb! aT411&%'4&! &+! T06,%=!
Yggj3bE!
_4*,1&B&*+=! 6,*%! 8&(+,4*%! 8,%=! 1&! 8/B'1&K&! B)64,+&0(! &+! 1CQH<! 2/1! MM! /880'&*+! 6)DN! 1&!
'(/B/+&0(! ,:&8! HQHh! &*! ,3%&*8&! 6&! 145,*6! a2,:(4! 0#! *9b=! Ygg`}! H/8#&++&@;51?! &+! T&(B,4*=! Ygg\bE!
7,*%! 8&! 8/*+&K+&=! 1C4*4+4,+4/*! 6&! 1,! +(,*%8(4'+4/*! &+! 1&! (&8(0+&B&*+! 6&%! _T"! 6)'&*6&*+! 6&! 1,!
64%%/84,+4/*! 6&! 1,! %/0%@0*4+)! 4*#434+(48&! 86Ro! a2'293;<40(0;40;#! B3;*/0! Hb! 60! 8/B'1&K&! B)64,+&0(!
aQ*6(,0!0#!*9b=!YggX}!;1B10*6!0#!*9b=!YggXbE!
lZlZ 'KMA<9E;C>!GF!<9!E:9>JD:;NE;C>!,'[GKNF>G9>EF!N9:!<FJ!,'#!>C>[DCG9>EJ!
7&%!6/**)&%! ()8&*+&%! 4*64I0&*+!I0&! 1&! (&B/6&1,5&!6&! 1,!8#(/B,+4*&!&+! 1,!B)+#?1,+4/*!6&!
1CQ7<!J,4+!)5,1&B&*+!4*+&(:&*4(!6&%!QH<!*/*@8/6,*+%=!4*810,*+!1&%!B48(/@QH<!aB4QH<b=!1&%!1/*5%!QH<!
*/*@8/6,*+%! a91;$! ;1;2143;$! FL,/! a1*8H<Q%bb=! 1&%! QH<! 4*+&(,54%%,*+%! ,:&8! 24Z4! a.353! 3;#08*2#3;$/!
FL,/! a'4H<Q%bb!&+! 1&%!'&+4+%!QH<!4*+&(J)(&*+%!a/?*99! 3;#08>083;$!FL,/! a%4H<Q%bb! aW/1/8#!&+!L/,U&6=!
Ygf`}!L,++48R!&+!L,R0*4*=!Ygg`}!H/3&(+%!0#!*9b=!Ygfc}!e,%%&*&55&(=!Ygg`bE!G&0K@84!,54%%&*+!8/BB&!
0*! )8#,J,06,5&! '&(B&++,*+! 1&! (&8(0+&B&*+! 6C&*U?B&%!B/64J4,*+! 1&%! #4%+/*&%! &+! 1CQ7<! aW/1/8#! &+!
L/,U&6=!Ygf`bE!
7&! J,y/*! 4*+)(&%%,*+&=! 1CQH! ,! ()8&BB&*+! )+)! 4B'14I0)! 6,*%! 1C&K'(&%%4/*! 6&! B48(/@QH<=!
4*+(/604%,*+!,4*%4!0*!*4:&,0!,664+4/**&1!6&!8/B'1&K4+)!6,*%!1,!()501,+4/*!+(,*%8(4'+4/**&11&!',(!1CQH!
aP,(6/! 0#! *9b=! YgfY,}! P,(6/! 0#! *9b=! YgfY3bE! >,! 14%+&! 5(,*64%%,*+&! 6&%! B48(/@QH<! ()501)%! ',(! 1CQH!
8/B'(&*6!1&+@j,!aT,(U/*!0#!*9b=!Yggjb!1&+@j8!a2&1/%4!0#!*9b=!Ygf]b!B4H@f`,^fX@f!aT,/!0#!*9b=!Ygffb!B4H@
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!
XX]! aA4,*! 0#! *9b=! Ygffb! B4H@]gY3! a2E! WE! G#&*! 0#! *9b=! YgfcbE! G&0K@84=! N! 1&0(! +/0(=! ',(+484'&*+! N! 1,!
()501,+4/*!6&! 1,!+(,*%8(4'+4/*!*/*!%&01&B&*+!73*! 1&!(&B/6&1,5&!6&! 1,!8#(/B,+4*&!&+! 1,!B)+#?1,+4/*!
6&!1CQ7<=!B,4%!)5,1&B&*+!&*!6)5(,6,*+!1&%!QH<B!8/6,*+!'/0(!8&(+,4*%!8/()501,+&0(%E!2,(!&K&B'1&=!
1CQH! 4*604+! 1C&K'(&%%4/*!6&!B4H@fg,=! 1&I0&1!64B4*0&! 1&!*4:&,0!'(/+)4I0&!6&!.LH"!a",R,#,%#4!0#!*9b=!
YgfYbE!
lZ3Z 5C:KMA<9EFA:J!>C>[DC>IF>E;C>>F<J!GFJ!','!
;*! '10%! 6&%! 8/()501,+&0(%! 81,%%4I0&%! 6)8(4+%! '()8)6&BB&*+=! 6&%! 8/()501,+&0(%! 64+%! */*@
8/*:&*+4/**&1%! /*+! )+)! 46&*+4J4)%E! G&0K@84! 4*810&*+!6&%! 8/()501,+&0(%!6)'/0(:0%!6&!B/+4J! >pp>>! &+!
6&%!8/()'(&%%&0(%!N!B/+4J!>pp>>!(&8(0+)%!&*!'()%&*8&!6&!145,*6E!
lZ3Z7Z 5C:KMA<9EFA:J!GKNCA:IAJ!GF!OCE;k!]\\]]!
>&%!'(4*84',0K!%/*+-!
• GHQV2MM=! I04! %C,%%/84&! N! 1,! 8?814*&! 7]E! >,! J4K,+4/*! 6&! GHQV2MM! ,05B&*+&! 1,! J4K,+4/*! 6&! 1CQH=!
J,:/(4%,*+!,4*%4!1C,8+4:4+)!+(,*%8(4'+4/**&11&!aV06#0!&+!</?=!YggY}!7&1:,!0#!*9b=!f\\\}!7&%'/0?!0#!
*9b=!Ygg]}!7/*5!0#!*9b=!f\\\bE!
• .9Tf!a/:((80//18!>18!M*9!+b=!0*&!%/0%@0*4+)!60!8/B'1&K&!()501,+&0(!f\.!60!'(/+),%/B&!,?,*+!
0*&! ,8+4:4+)! Q"2@,%&E! .9Tf! 4*+&(,54+! ,:&8! 1&! 6/B,4*&! Q_@Y! 6&%! HQH! &+! ()501&! 1&0(! ,8+4:4+)!
+(,*%8(4'+4/**&11&!&*!4*604%,*+!1&0(!6)5(,6,+4/*!',(!1&!'(/+),%/B&!a_&((?!0#!*9b=!Ygg\}!T4,**4!0#!
*9b=!YggY,bE!
• >,!8?814*&!W=!I04! 4*+&(,54+!,:&8! 1,!3/081&!>o@\!&+! 1&!6)30+!6&!W\!60!>V7=!()54/*!64%+4*8+&!6&! 1,!
%0(J,8&!6C4*+&(,8+4/*!,:&8!1&%!8/,8+4:,+&0(%E!;11&!'&(B&+!1&!(&8(0+&B&*+!6&!"_MMW!a-8*;/283(#31;!
>*2#18!IIXb!&+!6&!%,!R4*,%&!,%%/84)&=!86Rj!a2'293;<40(0;40;#!B3;*/0!db=!I04!'#/%'#/(?1&!1&!<"7!6&!
HQHh!a:/4(!.&8+4/*!`EYb!aV/0(!0#!*9b=!Ygg`,bE!
• "QGGf!a#8*;/>18?3;$!*23432!213904!2139b=!I04!4*+&(,54+!,:&8!HQHh!&*!,3%&*8&!6&!145,*6!&+!D/0&!0*!
(O1&!6C)8#,J,06,5&!6,*%!1,!J/(B,+4/*!60!8/B'1&K&!+(,*%8(4'+4/**&1!aT0?/+!0#!*9b=!YgfgbE!
• >C,8+4*&! &+! 6&%! '(/+)4*&%! 14,*+! 1C,8+4*&! aQV2=!*2#3;<=3;43;$! (81#03;/b! aP#&*5! 0#! *9b=! Ygg\bE! 9*&!
QV2=! 1,!:4*&K4*&!u=!,!)+)! 46&*+4J4)&!',(!*/+(&! 1,3/(,+/4(&!8/BB&!)+,*+!0*!',(+&*,4(&!6&!HQHwE!!
>,!:4*&K4*&!u!4*+&(,54+!,:&8!1&!2HL!60!<"7!6&!HQHw!&+!()'(4B&!%/*!,8+4:4+)!+(,*%8(4'+4/**&11&!&*!
1&!%)I0&%+(,*+!N!1C&K+)(4&0(!6&!1,!8#(/B,+4*&!a:/4(!.&8+4/*!`E]b!aV/0(!0#!*9b=!Ygg`3}!>,1&:&&!0#!*9b=!
YgfgbE!
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!
lZ3Z?Z 5C:KN:FJJFA:J!p!OCE;k!]\\]]!
G&%!8/()501,+&0(%!4*+&(,54%%&*+!,:&8!1&%!HQH!&*!'()%&*8&!6&!1&0(!145,*6!73*!0*!B/+4J!>pp>>E!
G&'&*6,*+=! 8/*+(,4(&B&*+! ,0! B/6$1&! 81,%%4I0&=! 8&%! 8/()501,+&0(%! ()'(4B&*+! 1C,8+4:4+)!
+(,*%8(4'+4/**&11&! 6&%! HQHE! ;*! &JJ&+=! 41%! %&(:&*+! 6&! '1,+&J/(B&! '/0(! 1&! (&8(0+&B&*+! 6&! 8/B'1&K&%!
()'(&%%&0(%! I04! 8/B',8+&*+! 1,! 8#(/B,+4*&! a_450(&! fob! aT0(&:48#! 0#! *9b=! YggjbE! ;*! 5)*)(,1=! 8&%!
8/()501,+&0(%!%/*+!(&8(0+)%!'10%!+,(6!I0&!1&%!8/,8+4:,+&0(%!81,%%4I0&%!&+!41%!',(+484'&(,4&*+!N!1,!J4*!6&!
1,!+(,*%8(4'+4/*!6&%!5$*&%!8431&%E!
!>&%!'(4*84',0K!6C&*+(&!&0K!%/*+-!
• <HM2f! aL:290*8! 8020(#18<3;#08*2#3;$!(81#03;!+b=! )5,1&B&*+!,''&1)!HM2fcg! a8020(#18<3;#08*2#3;$!
(81#03;!+[\b=!I04!()'(4B&!1,!+(,*%8(4'+4/*!&*!(&8(0+,*+!6&%!W7QG!aW&&(?!0#!*9b=!Yggf}!e&4!0#!*9b=!
YgggbE!!
• 2HQL;! a(80>080;#3*99'! 0@(80//04! *;#3$0;! 3;! ?09*;1?*b=! I04! &K&(8&! %/*! ,8+4/*! ()'(&%%4:&! &*!
(&8(0+,*+! 1,! %/0%@0*4+)! ;PWY! 60! 8/B'1&K&! 2HGY! a;''4*5! 0#! *9b=! Ygg`bE! G&'&*6,*+=! 8&!
8/()501,+&0(!*C&%+!&K'(4B)!I0&!6,*%!0*!*/B3(&!+($%!(&%+(&4*+!6&!+?'&%!8&1101,4(&%=!&K810,*+!0*!
(O1&!5)*)(,1!6,*%!1,!+(,*%8(4'+4/*!aG/%+&%%4!0#!*9b=!Ygff}!~4*=!YgffbE!
• "HMLYc! a-83(*8#3#0! ?1#3>! 21;#*3;3;$! %[b=! ,*84&**&B&*+! */BB)! "M_fh! a#8*;/283(#31;*9!
3;#08?043*8'!>*2#18!+Tb=!&%+!81,%%4I0&B&*+!6)8(4+!8/BB&!0*!8/()'(&%%&0(!,54%%,*+!*/+,BB&*+!
:4,!1&!(&8(0+&B&*+!6&!W7QG!a<4&1%&*!0#!*9b=!f\\\bE!G&'&*6,*+=!8/BB&!*/0%!1&!:&((/*%!'10%!1/4*=!
!
^;MA:F!7dQ!0CGF!GS9DE;C>!MK>K:9<!GFJ!DC:KN:FJJFA:J!p!OCE;k!]\\]]Z!
>&%!8/()'(&%%&0(%!N!B/+4J!>pp>>!%&!J4K&*+!,0!*4:&,0!60!6/B,4*&!Q_@Y!6&%!()8&'+&0(%!14)%!N!1&0(!
145,*6!&+!(&8(0+&*+!6&%!W7QG!/0!6C,0+(&%!8/()'(&%%&0(%!I04!B,4*+4&**&*+!1,!8#(/B,+4*&!6,*%!
0*!)+,+!()'(&%%4JE!Q6,'+)!6&!T0(&:48#!0#!*9b!aYggjbE!
NRIP1 / PRAME / TRIM24 
LXXLL 
RXR RAR 
HDAC 
Répression 
AR 
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!
8&(+,4*&%!)+06&%! ()8&*+&%!,++(430&*+!)5,1&B&*+!N! 8&!8/()501,+&0(!,+?'4I0&!0*! (O1&!,8+4:,+&0(!
aW&(I0&1!0#!*9b=!Ygff,}![4R08#4!0#!*9b=!Ygg\}!"%,4!0#!*9b=!YgfgbE!;*!(,4%/*!6&!%/*!4*+)(i+!',(+48014&(!
6,*%!1&!8,6(&!6&!B,!+#$%&=!%/*!B/6&!6C,8+4/*!&%+!6)8(4+!'10%!&*!6)+,41!,0!8#,'4+(&!%04:,*+E!!
lZBZ ,JJCD;9E;C>!GFJ!','!9IFD!GFJ!,'#O!FE!DC>E:r<F!GF!<9!E:9GADE;C>!
H)8&BB&*+=! 0*! */0:&,0! (O1&! 4*6)'&*6,*+! 6&! %/*! ,8+4:4+)! +(,*%8(4'+4/**&11&! ,! )+)!B4%! &*!
):46&*8&!'/0(!HQHhE!;*!&JJ&+=!6,*%!6&%!801+0(&%!6&!*&0(/*&%=! 1CQH!D/0&!0*!(O1&!6,*%!1,!6?*,B4I0&!
6&! 143)(,+4/*! &+! 6x,8+4/*! 6&! 8&(+,4*%! *&0(/+(,*%B&++&0(%! ,0! *4:&,0! 6&%! %?*,'%&%! &+! 8&+! &JJ&+! &%+!
6)'&*6,*+!6&!HQHh!a<E!G#&*!&+!<,'/14=!Yggo}!L,5#%//64!0#!*9b=!Yggo}!2//*!&+!G#&*=!YggobE!HQHh!
4*+&(,54+! 64(&8+&B&*+! 73*! %/*! 6/B,4*&! G@+&(B4*,1! ,:&8! 8&(+,4*%! QH<B=! &B'i8#,*+! ,4*%4! 1&0(!
+(,608+4/*E! 2,(! &K&B'1&=! HQHh! 4*+&(,54+! ,:&8! 1&%! QH<B! 8/6,*+%! '/0(! 1&! ()8&'+&0(! 60! 510+,B,+&!
T10Hf!,0!*4:&,0!6&%!6&*6(4+&%!6&%!*&0(/*&%! aL,5#%//64! 0#!*9b=! Yggo}!2//*!&+!G#&*=!YggobE!G&++&!
4*+&(,8+4/*! %)I0&%+(&! 8&+! QH<B! &+! 31/I0&! %,! +(,608+4/*=! &B'i8#,*+! 6&! 8&! J,4+! 1,! 143)(,+4/*! 60!
510+,B,+&E!.04+&!N!1,!J4K,+4/*!6&!1CQH!&+!,0K!8#,*5&B&*+%!8/*J/(B,+4/**&1%!60!>V7!I04!&*!()%01+&*+=!
8&%! QH<B! %/*+! (&18#)%! &+! (,'46&B&*+! +(,604+%! a2//*! &+! G#&*=! YggobE! Q4*%4=! 73*! 6&%! &JJ&+%! */*!
5)*/B4I0&%=!HQHh!&+! 1xQH!%&(,4&*+! 4B'14I0)%!6,*%! 1,!'1,%+484+)!%?*,'+4I0&!&*!()501,*+! J4*&B&*+! 1,!
+(,608+4/*!6xQH<B!aQ/+/!0#!*9b=!YggobE!
!
! !
30
!
!
5W,Y$)'&!3Q !)'$0?3c!"#!5.'*/"],)&"'!+&(!','!,"!'s]&!5.0Y]&\&!
3Z7Z .:M9>;J9E;C>!OCGA<9;:F!GF!)'$0?3!
"HMLYc!J,4+!',(+4&!6&! 1,!J,B411&!6&!'(/+)4*&%!N!B/+4J! +(4',(+4+&!a"HMLb!8/B'+,*+!'10%!6&!jg!
B&B3(&%E! G&%! '(/+)4*&%! '/%%$6&*+! 0*&! %+(08+0(&! <@+&(B4*,1&! 8,(,8+)(4%+4I0&! 8/B'(&*,*+! +(/4%!
6/B,4*&%!&*!6/45+!6&!U4*8!a0*!B/+4J!HM<T!a80*99'!3;#080/#3;$!;05!$0;0b!&+!0*!/0!6&0K!B/+4J%!6&!+?'&!
v"<=1@v! a3/q+&%! Vbb=! 6&! BiB&! I0C0*&! %0'&(#)148&! a6/B,4*&! v213904<2139vb=! 1&! +/0+! 8/*%+4+0,*+! 0*!
B/+4J!"HML^HVGG!a83;$!>3;$08P!"!"1@P!213904<2139b!a_450(&!f\bE!>,!()54/*!G@+&(B4*,1&=!:,(4,31&=!6)J4*4+!
1&!81,%%&B&*+!6&%!'(/+)4*&%!"HML!&*!fY!%/0%@5(/0'&%!aG,(+#,5&*,!0#!*9b=!Ygg\bE!7,*%!1,!%/0%@J,B411&!
G@FM=!8/B'(&*,*+!"HMLYc=!"HMLYo!a)5,1&B&*+!,''&1)!"M_fu!/0![Q2f!aZF,"<*//123*#04!(81#03;!+b!&+!
"HML]]! a"M_fwb=! 8&++&! ()54/*! G@+&(B4*,1&! 8/B'(&*6! 0*! 6/45+! 6&! U4*8! 2W7! a(9*;#! 61?01! 41?*3;b!
,%%/84)!N!0*!3(/B/6/B,4*&!a3(/B/b!a<4%/1&!0#!*9b=!Ygg`bE!>,!'/(+4/*!8&*+(,1&=!'&0!8/*%&(:)&!&+!6&!
J/*8+4/*! 4*8/**0&=!8/B'(&*6!*),*B/4*%!6,*%! 1&!8,%!6&!"HMLYc!0*!%4+&!6&!J4K,+4/*!,0K!()8&'+&0(%!
*081),4(&%! <HV.! a;:290*8! 8020(#18! =3;43;$! /3#0b! 8/*+&*,*+! 0*!B/+4J! >pp>>E! GC&%+! ',(! 8&! <HV.! I0&!
"HMLYc!'&0+!14&(!1&!6/B,4*&!Q_@Y!6&!'10%4&0(%!H<=!6/*+!HQHh=!&*!'()%&*8&!6&!145,*6!a>&!7/0,(4*!0#!
*9b=!f\\X}!"#&*/+!0#!*9b=!f\\jbE!
M1!&K4%+&!6&0K!:,(4,*+%!6&!"HMLYc!()%01+,*+!6C0*!)'4%%,5&!,1+&(*,+4J-!1&%!4%/J/(B&%!v,v!&+!v3vE!
M1%! %/*+! 46&*+4I0&%! 6,*%! 1&0(%! ()54/*%!<@! &+! G@+&(B4*,1&%=!B,4%! 1C4%/J/(B&! v3v! &%+! 1)5$(&B&*+! '10%!
8/0(+! &*! (,4%/*! 6&! 1C,3%&*8&! 6C0*! J(,5B&*+! 6&! ]c! ,846&%! ,B4*)%! ,0! 8&*+(&! 6&! %,! %)I0&*8&! aLE!
G#,B3/*! 0#! *9b=! YgffbE! >&! (O1&! &K,8+! 6&! 1C&K4%+&*8&! 6&! 8&%! 6&0K! 4%/J/(B&%! 6&B&0(&! 8&'&*6,*+!
/3%80(E! !
!
^;MA:F!71Q!.:M9>;J9E;C>!OCGA<9;:F!GF!)'$0?3Z!
H&'()%&*+,+4/*!%8#)B,+4I0&!6&!"HMLYc!,:&8=!6,*%!%,!',(+4&!<@+&(B4*,1&=!0*!6/B,4*&!HM<T=!
6&0K!3/q+&%!V!&+!0*&!%0'&(#)148&! a213904<2139b=!&+!6,*%!%,!',(+4&!G@+&(B4*,1&!0*!6/45+!6&!U4*8!
2W7!&+!0*!3(/B/6/B,4*&!a3(/B/bE!>,!'/(+4/*!8&*+(,1&!8/B'(&*6!0*!6/B,4*&!6&!J4K,+4/*!,0K!
()8&'+&0(%!*081),4(&%!a<HV.b!N!B/+4J!>pp>>E!L/64J4)!6&!"%,4!0#!*9b!aYgfgbE!
RING Coiled-coil PHD Bromo B B 
NRBS 
LXXLL 
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!
!
3Z7Z7Z ]F!GCO9;>F!'$#/!
>&! 6/B,4*&! %+(08+0(,1! HM<T! 6&! "HMLYc! &%+! 0*! B/+4J! &*! 6/45+! 6&! U4*8! 60! +?'&! G]WGc!
aG?%]W4%G?%cbE!G&!B/+4J!6&!cg!N!Xg!,846&%!,B4*)%!8/*+4&*+!#04+!()%460%!8(084,0K=!%&'+!8?%+)4*&%!&+!0*&!
#4%+464*&=!14,*+!6&0K!8,+4/*%!6&!U4*8!a_450(&!YgQb!aV/(6&*!&+!_(&&B/*+=!f\\X}!_(&&B/*+=!f\\]}!<,1&',!
0#! *9b=! YggXbE! >&%! %)I0&*8&%! 6C,846&%! ,B4*)%! %)',(,*+! 8&%! ()%460%! 8/*%&(:)%! %/*+! 6&! *,+0(&! &+! 6&!
1/*50&0(!:,(4,31&!%&1/*!1,!'(/+)4*&}!*),*B/4*%=! 1&%!6/B,4*&%!HM<T!G]WGc!',(+,5&*+!0*&!%+(08+0(&!
+(464B&*+4/**&11&! %4B41,4(&! a_450(&!YgVb! a<,1&',! 0#!*9b=! YggXbE! M1%! D/0&*+!0*! (O1&! 4B'/(+,*+!6,*%! 1&%!
4*+&(,8+4/*%!'(/+)4*&@'(/+)4*&!aV/(6&*=!YgggbE!7&!J,y/*!4*+)(&%%,*+&=!'10%4&0(%!6/B,4*&%!HM<T!/*+!
!
^;MA:F!?8Q!(E:ADEA:F!MK>K:9<F!GA!GCO9;>F!'$#/!5lW53!
,V! .)I0&*8&! 8/*%&*%0%! &+! (&'()%&*+,+4/*! %8#)B,+4I0&! 60! B/+4J! G]WGc! HM<TE! G&104@84!
8/B'(&*6!6&0K!,+/B&%!6&!U4*8!avP*v=!&*!(/05&b!8//(6/**)%!N!I0,+(&!()%460%!8?%+)4*&%!avGv=!
&*!:4/1&+b!^!#4%+464*&! avWv=!&*!31&0bE!G&%!()%460%!8/*%&(:)%!%/*+!&%',8)%!6&!%)I0&*8&%!p*=!/!
v*v! &%+! 1&! */B3(&! 6&! ()%460%! &+! vpv! 8/((&%'/*6! N! *C4B'/(+&! I0&1%! ,846&%! ,B4*)%E! 7C,'($%!
<,1&',!0#!*9b!aYggXbE!!
-V!.+(08+0(&!+(464B&*+4/**&11&!60!B/+4J!G]WGc!HM<T!+&11&!I0&!6)+&(B4*)&!',(!HL<!60!'(/+/*E!
>&%!()%460%!8?%+)4*&%! a:4/1&+b!&+!#4%+464*&!a31&0b!8//(6/**,*+! 1&%!,+/B&%!6&!U4*8! a(/05&b!%/*+!
(&'()%&*+)%!',(!3+/**&+%!a27VfGWGbE!7C,'($%!V,(1/Z!0#!*9b!af\\cbE!
Séquence consensus: 
 
C-X2-C-X9–39-C-X1–3-H-X2–3-C-X2-C-X4–48-C-X2-C 
C 
C 
C 
C 
H 
C 
C 
C 
Zn Zn X2 
X9-39 
X4-48 
X2 X1-3 
X2-3 
X2 
N 
C 
A B 
RING Coiled-coil PHD Bromo B B 
NRBS 
LXXLL 
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!
!
)+)!,%%/84)%!N!0*&!,8+4:4+)!;]!034I04+4*&@145,%&=!8C&%+@N@64(&!I0C41%!'&0:&*+!8,+,1?%&(!1C)+,'&!J4*,1&!6&!
1,!(),8+4/*!6C034I04+4*,+4/*!6C0*!%03%+(,+!a_(&&B/*+=!Yggg}!A/,U&4(/!&+!e&4%%B,*=!YgggbE!GC&%+!1&!8,%!
6&!"HMLYc=!I04!',(!&K&B'1&!034I04+4*&!'`]!73*!%/*!6/B,4*&!HM<T=!'(/:/I0,*+!%,!6)5(,6,+4/*!',(!1&!
'(/+),%/B&!aQ11+/*!0#!*9b=!Ygg\}!A,4*!&+!V,(+/*=!Ygg\bE!>&%!B)8,*4%B&%!5)*)(,0K!6C034I04+4*,+4/*!&+!
6&!6)5(,6,+4/*!',(!1&!'(/+),%/B&!J/*+!1C/3D&+!60!G#,'4+(&!XE!
3Z7Z?Z ]FJ!LCtEFJ!-!FE!<9!JANF:PK<;DF!
>&!(O1&!6&%!3/q+&%!V!60!B/+4J!"HML!&%+!B,1!8/B'(4%E!>,!%0'&(#)148&!,B'#4',+#4I0&!:/4%4*&!
&%+!I0,*+!N!&11&!*)8&%%,4(&!,0K! 4*+&(,8+4/*%! 4B'14I0,*+! 1&!"HML!8/BB&! 1C/145/B)(4%,+4/*E!;*!&JJ&+=!!
"HMLYc!J/(B&!6&%!/145/B$(&%!,:&8!6C,0+(&%!'(/+)4*&%!6&!1,!J,B411&!"HML!8/BB&!"HMLYo!&+!"HML]]!
aWE!2&*5!0#!*9b=!Yggg}!WE!2&*5!0#!*9b=!YggYbE!>C/145/B)(4%,+4/*!'&(B&++(,4+!1C,145*&B&*+!,''(/'(4)!60!
HM<T! &+! 6&%! 3/q+&%! V! ,J4*! 6&! '&(B&++(&! 1,! (&8/**,4%%,*8&! 6&%! ,0+(&%! '(/+)4*&%! ,:&8! 1&%I0&11&%! 41%!
4*+&(,54%%&*+!aWE!2&*5!0#!*9b=!YggYbE!
>/(%! 6&! 1C46&*+4J48,+4/*! 6&%! '(/+)4*&%! J/(B,*+! 6&%! 8/B'1&K&%! ,:&8! "HMLYc=! "HML]]! J{+!
6)+&8+)!&*!'(/'/(+4/*%!I0,%4@%+r8#4/B)+(4I0&%!',(!(,''/(+!N!"HMLYcE!M1!&%+!6/*8!8/*%46)()!8/BB&!
0*!',(+&*,4(&!B,D&0(!6&!8&104@84!aW&(I0&1!0#!*9b=!Ygff3}!<4&1%&*!0#!*9b=!f\\\bE!"HMLYo=!104=!J{+!6)+&8+)!
&*!B/4*6(&%!'(/'/(+4/*%!&+!*&!%&B31&!4*+&(,54(!,:&8!"HMLYc!I0C&*!'()%&*8&!6&!"HML]]!aW&(I0&1!0#!
*9b=!Ygff3bE!!
3Z7ZlZ ]F!GCO9;>F!YW+[-:COC!
>&! 6/B,4*&! 2W7! ,! 0*&! /(5,*4%,+4/*! %4B41,4(&! ,0! HM<T! a_450(&! YfQbE! G&'&*6,*+=!
8/*+(,4(&B&*+! ,0K! HM<T! I04! %/*+! '()%&*+%! 6,*%! 0*&! 5(,*6&! :,(4)+)! 6&! '(/+)4*&%! ,0K! J/*8+4/*%!
64:&(%&%=! 1&%! 6/B,4*&! 2W7! &+! 3(/B/! a_450(&! YfVb! *&! %/*+! '()%&*+%! I0&! 6,*%! 8&(+,4*&%! '(/+)4*&%!
*081),4(&%! 4B'14I0)&%! 6,*%! 6&%! 4*+&(,8+4/*%! ,:&8! 1,! 8#(/B,+4*&! aQ,%1,*6! 0#! *9b=! f\\`}! _(&&B/*+=!
f\\]}! A&,*B/054*! 0#! *9b=! f\\j}! .,0(4*! 0#! *9b=! f\\XbE! ;*! &JJ&+=! 1&! 6/B,4*&! 2W7@3(/B/! '&(B&+! 1,!
(&8/**,4%%,*8&! +($%! %)1&8+4:&! 6&! B/64J48,+4/*%! 6C#4%+/*&%! aL&11/(=! YggXbE! ;*! 5)*)(,1=! 1&! 6/B,4*&!
2W7! 4*+&(,54+! ,:&8! 1&%! #4%+/*&%! 6&! J,y/*! 6)'&*6,*+&! N! 1&0(! %+,+0+! 6&!B)+#?1,+4/*=! +,*64%! I0&! 1&!
6/B,4*&!3(/B/!4*+&(,54+!'10+O+!,:&8!1&%!#4%+/*&%!,8)+?1)&%!a>,*!0#!*9b=!Yggj}!e?%/8R,!0#!*9b=!YggX}!
P&*5!&+!P#/0=!YggYbE! >&!6/B,4*&!2W7@3(/B/!'&(B&+!,4*%4! N!"HMLYc!6&! D/0&(!0*! (O1&!6&! v63/#1;0!
2140!80*408v!a1&8+&0(!6&!8/6&!6C#4%+/*&%b-!&*!&JJ&+=!41!'&0+!(&8/**,4+(&!6&%!B/64J48,+4/*%!6C#4%+/*&%!
%')84J4I0&%!&+!8/B34*,+/4(&%!'/0:,*+!i+(&!1/8,14%)&%!%0(!0*&!BiB&!I0&0&!6C#4%+/*&!a_450(&!YYb!a"%,4!
0#!*9b=!YgfgbE!!
!
33
!
!
3Z?Z )'$0?3!FE!<9!E:9>JD:;NE;C>!
>&! (O1&!6&! "HMLYc!&*! +,*+!I0&! ()501,+&0(! +(,*%8(4'+4/**&1! 6&%!H<!&%+! 8/B'1&K&E! ;*! &JJ&+=!
34&*!I0C4*4+4,1&B&*+!6)8(4+!8/BB&!0*!8/()'(&%%&0(!6&%!H<! a>&!7/0,(4*!0#!*9b=!f\\X}!>&!7/0,(4*!0#!
*9b=! f\\`}!<4&1%&*! 0#! *9b=! f\\\b=! 8&(+,4*&%! )+06&%! ()8&*+&%! ,++(430&*+! )5,1&B&*+! N! "HMLYc! 0*! (O1&!
,8+4:,+&0(! aW&(I0&1! 0#! *9b=! Ygff,bE! M1! ,! )+)! %055)()! I0&! 1C/145/B)(4%,+4/*! D/0&(,4+! 0*! (O1&!
6C4*+&((0'+&0(!()501,*+!1&!',%%,5&!&*+(&!1&%!,8+4/*%!,8+4:,+(48&%!&+!()'(&%%4:&%!6&!"HMLYc!aWE!2&*5!0#!
*9b=!YggYbE!!
!
^;MA:F!?7Q!(E:ADEA:F!GF!<9!:KM;C>!5[EF:O;>9<F!GF!)'$0?3Z!
,V!.)I0&*8&!8/*%&*%0%!&+!(&'()%&*+,+4/*!%8#)B,+4I0&!60!B/+4J!&*!6/45+!6&!U4*8!2W7E!G/BB&!
1&!B/+4J!HM<T=!41!8/B'(&*6!6&0K!,+/B&%!6&!U4*8!avP*v=!&*!(/05&b!8//(6/**)%!N!I0,+(&!()%460%!
8?%+)4*&%! avGv=! &*! :4/1&+b! ^! #4%+464*&! avWv=! &*! 31&0b}! 8&'&*6,*+=! 1,! '/%4+4/*! 60! W! 64JJ$(&! ',(!
(,''/(+!,0!HM<TE!G&%!()%460%!8/*%&(:)%!%/*+!&%',8)%!6&!%)I0&*8&%!p*=!/!v*v!&%+!1&!*/B3(&!6&!
()%460%!&+!vpv!8/((&%'/*6!N!*C4B'/(+&!I0&1%!,846&%!,B4*)%E!7C,'($%![/%,(&:!0#!*9b!aYggYbE!!
-V!.+(08+0(&!8(4%+,11/5(,'#4I0&!6&!1,!()54/*!G@+&(B4*,1&!8/B'(&*,*+! 1&%!B/+4J%!2W7!a31&0b!&+!
3(/B/!a(/%&b!6&!"HMLYcE!>&%!,+/B&%!6&!U4*8!60!B/+4J!2W7!%/*+!4110%+()%!&*!(/05&!a27V]d]]bE!
L/64J4)!6&!"%,4!0#!*9b!aYgfgbE!
PHD Bromo 
Séquence consensus: 
 
C-X2-C-X9–21-C-X2-4-C-X4-5-H-X2-C-X12-46-C-X2-C 
C 
C 
C 
H 
C 
C 
C 
C 
Zn Zn X2 
X9-21 
X12-46 
X2 X2-4 
X4-5 
X2 
N 
C 
A B 
RING Coiled-coil PHD Bromo B B 
NRBS 
LXXLL 
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!
!
3Z?Z7Z 'r<F!9DE;I9EFA:!
"HMLYc!,54+!8/BB&!0*!8/,8+4:,+&0(!6&!'10%4&0(%!H<!8/BB&!1&!()8&'+&0(!6&%!,*6(/5$*&%=!1&!
()8&'+&0(!6&%!r%+(/5$*&%!;Hh!a0/#81$0;!8020(#18!hb!&+!1&%!HQH%!!a[4R08#4!0#!*9b=!Ygg\}!"4%%&(,*6!0#!
*9b=!Ygff}!"%,4!0#!*9b=!YgfgbE!
;*!(,4%/*!6&!%/*!'(/J41!6C&K'(&%%4/*=!41!,!)+)!'/%+01)!I0&!"HMLYc!,54(,4+!8/BB&!0*!8,+,1?%&0(!
,05B&*+,*+! 1,! :4+&%%&! 6&! 1,! ()'/*%&! +(,*%8(4'+4/**&11&! 6,*%! 1&%! 8&1101&%! N! 64:4%4/*! (,'46&!
8,(,8+)(4%)&%! ',(! 0*&! ,8+4:4+)! +(,*%8(4'+4/**&11&! )1&:)&! aH&B3/0+%4R,! 0#! *9b=! f\\\bE! ;*! &JJ&+=! 34&*!
I0C034I04+,4(&=! "HMLYc! &%+! &K'(4B)! '()J)(&*+4&11&B&*+! N! 6&%! %+,6&%! '()8/8&%! 60! 6):&1/''&B&*+!
6,*%! 6&%! 8&1101&%! */*! 64JJ)(&*84)&%!
&+! '10(4'/+&*+&%! a8&1101&%! %/08#&%!
&B3?(/**,4(&%! 6&! %/0(4%! aB;.b=!
8&1101&%! 6C&B3(?/8,(84*/B&! 6&!
%/0(4%! _\! &+! 2f\bE! 204%=! 8&++&!
&K'(&%%4/*! 64B4*0&! ,0! 8/0(%! 6&!
1C/(5,*/5&*$%&! &+! 6&! 1,!
64JJ)(&*84,+4/*! aH&B3/0+%4R,! 0#!*9b=!
f\\\bE! "HMLYc! &%+! ,0%%4! J/(+&B&*+!
&K'(4B)!6,*%!'10%4&0(%!8,*8&(%=!+&1%!
8&0K! 6&%! :/4&%! ,)(/645&%+4:&%!
%0')(4&0(&%=! 60! '/0B/*=! 60! %&4*=!
6&! 1,! :&%%4&=! 6&! 1C&%+/B,8=! 1&!
514/31,%+/B&! &+! 1&! 8,*8&(!
8/1/(&8+,1=! &+! %,! %0(&K'(&%%4/*! &%+!
J()I0&BB&*+! ,%%/84)&! N! 0*!
B,0:,4%!'(/*/%+48! aLE!G#,B3/*! 0#!
*9b=! Ygff}! G04! 0#! *9b=! Ygf]}! WE! >4! 0#!
*9b=!YgfY}!L4,/! 0#!*9b=!Ygf`}!"%,4! 0#!
*9b=!Ygfg}!AE!e,*5!0#!*9b=!Ygfc}!p0&!0#!*9b=!Ygf`}!>E!WE!P#,*5!0#!*9b=!Ygf`bE!;*!&JJ&+=!"HMLYc!%+,3414%&!
1C4*+&(,8+4/*!6&!;Hh!,:&8!1,!8#(/B,+4*&=!,8+4:,*+!,4*%4!1,!+(,*%8(4'+4/*!6&!5$*&%!8431&%!4B'14I0)%!6,*%!
1,!'(/14J)(,+4/*!&+!1&!6):&1/''&B&*+!+0B/(,1!a"%,4!0#!*9b=!YgfgbE!!
;*! (,4%/*! 6&! %,! 8,',84+)! N! 4*+&(,54(! ,:&8! 6&%! '(/+)4*&%! 6&! 1,! 8#(/B,+4*&=! B,4%! */*! ,:&8!
1CQ7<!64(&8+&B&*+=!M1!,!)+)!'(/'/%)!I0&!"HMLYc!D/0&(,4+!0*!(O1&!6&!J,8+&0(!4*+&(B)64,4(&!%&!J4K,*+!N!
1,! 8#(/B,+4*&! &+! J,8414+,*+! 1C,*8(,5&!6&%!H<=! 6&%! J,8+&0(%! 6&! +(,*%8(4'+4/*! &+! 6&%! 8/()501,+&0(%! ,0!
!
^;MA:F!??Q!]F!GCO9;>F!YW+[L:COC!GF!)'$0?3Q!A>!
uP;JEC>F!DCGF!:F9GF:uZ!
.+(08+0(&! +(464B&*+4/**&11&! 6&%! 6/B,4*&%! 2W7! &+!
3(/B/! 6&! "HMLYc! B/*+(,*+! 1&0(! 4*+&(,8+4/*!
%4B01+,*)&! ,:&8! (&%'&8+4:&B&*+! W][cB&g! &+!
W][Y],8!6C0*&!BiB&!I0&0&!6C#4%+/*&E!L/64J4)!6&!
"%,4!0#!*9b!aYgfgbE!
PHD Bromo 
H3K4me0 
H3K23ac 
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!
!
*4:&,0!6&%!5$*&%!8431&%!a>&!7/0,(4*!0#!*9b=!f\\X}!>&!7/0,(4*!0#!*9b=!f\\`}!H&B3/0+%4R,!0#!*9b=!f\\\bE!
;*! &JJ&+=! "HMLYc! &%+! '()J)(&*+4&11&B&*+! ,%%/84)! ,0K! ()54/*%! ,88&%%431&%! &+! +(,*%8(4'+4/**&11&B&*+!
,8+4:&%! 6&! 1C&08#(/B,+4*&! /! %&! +(/0:&! 1CQH<! 2/1! MM! aH&B3/0+%4R,! 0#! *9b=! f\\\bE! ;*! &JJ&8+0,*+! 0*!
3,1,?,5&! (&%+(&4*+! ,0K! ()54/*%! /0:&(+&%! 6&! 1,! 8#(/B,+4*&! '10+O+! I0CN! 1C)8#&11&! 60! 5)*/B&! &*+4&(=!
"HMLYc! '&(B&++,*+! ,4*%4! 0*&! (&8/**,4%%,*8&! (,'46&! &+! &JJ48,8&! 6&%! %4+&%! 6&! J4K,+4/*E! 7&! '10%=! 1&!
8/*+&K+&!)'45)*)+4I0&!,JJ4*&(,4+!8&++&!(&8/**,4%%,*8&!',(!"HMLYcE!2,(!&K&B'1&=!6,*%!6&%!8&1101&%!6&!
8,*8&(!60!%&4*=!1&!6/B,4*&!2W7!6&!"HMLYc!(&8/**,4+!%')84J4I0&B&*+!1,!B,(I0&!W][cB&g!a#4%+/*&!]!
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B/601,+4/*! 6&! 1C,8+4:4+)! 6&%! 8/B'/%,*+%! 6&! 1,! B,8#4*&(4&! +(,*%8(4'+4/**&11&! 73*! 1&0(!
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034I04+4*,+4/*! &+! %,! 6)5(,6,+4/*! a_&((?! 0#! *9b=! YgffbE! Q4*%4=! 1,! 64%%/84,+4/*! &+! 1,! 6)5(,6,+4/*!
'#/%'#/(?1,+4/*@6)'&*6,*+&%! 6&%! 64JJ)(&*+%! 8/()501,+&0(%! ',(+484'&! N! 1&0(! )8#,*5&! &+! N! 1,!
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'#/%'#/(?1,+4/*%!6)8/01&*+!6&%!,8)+?1,+4/*%!6C#4%+/*&%=!1&!(&8(0+&B&*+!60!8/B'1&K&!.eM^.<_!&+!1&!
6)',(+! 6&! 8&(+,4*%! 8/()'(&%%&0(%! +&1! 2HGY=! 1&! +/0+! ',(+484',*+! ,4*%4! ,0! (),((,*5&B&*+! 6&! 1,!
8#(/B,+4*&!aV(08R!0#!*9b=!Ygg\}!7(/348!0#!*9b=!Ygfg}!T&#,*4!0#!*9b=!YgfgbE!
BZ?Z YPCJNPC:=<9E;C>!GFJ!','!
M1!&%+!B,4*+&*,*+!34&*!)+,314!I0&!1&%!HQH=!8/BB&!1,!'10',(+!6&%!H<!4*810,*+!1&%!HpH=!%/*+!6&%!
'#/%'#/'(/+)4*&%E! ;*! &JJ&+=! 1&%! HQH! %/*+! 1,! 8431&! 6&! R4*,%&%! :,(4)&%! &+! '10%4&0(%! %4+&%! 6&!
'#/%'#/(?1,+4/*! %4+0)%! 6,*%! 64JJ)(&*+%! 6/B,4*&%! 6&%! HQH! /*+! )+)! 6)8(4+%! D0%I0CN! '()%&*+E! G&%!
'#/%'#/(?1,+4/*%! /*+! )+)! ,%%/84)&%! N! 1,! ()501,+4/*! 6&! J/*8+4/*%! 64:&(%&%! +&11&%! 1,! 1/8,14%,+4/*!
39
!
!
4*+(,8&1101,4(&=! 1,! 64B)(4%,+4/*=! 1,! 6)5(,6,+4/*! &+! 1C4*+&(,8+4/*! ,:&8! 6&%! ',(+&*,4(&%! a_450(&! Ycb!
aH/8#&++&@;51?=!Ygg]}!H/8#&++&@;51?!&+!T&(B,4*=!Ygg\bE!!
>&%!%4+&%!6&!'#/%'#/(?1,+4/*!8/**0%!6&!HQHh!&+!6&!HpHh!%/*+!6)+,411)%!6,*%!1&!",31&,0!Y!&+!
1&! ",31&,0! ]! (&%'&8+4:&B&*+E! 7,*%! 1&! 8,%! 6&! HQHh! a",31&,0! Yb=! 1&! 7V7! (&*J&(B&! +(/4%! %4+&%! 6&!
'#/%'#/(?1,+4/*! 8/**0%-! 1&%! %)(4*&%! a.b! .\X=! .ff`=! &+! .f`j=! I04! ()501&*+! 1,! +(,*%,8+4:,+4/*=! 1,!
1/8,14%,+4/*!4*+(,8&1101,4(&!&+!1C#)+)(/64B)(4%,+4/*!(&%'&8+4:&B&*+!a7&1B/++&!0#!*9b=!f\\\}!.(4*4:,%!0#!
*9b=!YggX}![E!.0*! 0#!*9b=!YggjbE!7&%! %4+&%!6&!'#/%'#/(?1,+4/*!/*+!)5,1&B&*+!)+)! ()'&(+/(4)%!6,*%! 1,!
()54/*!8#,(*4$(&!a"#()/*4*&!a"b!"fofb!&+!1,!()54/*!_!a.cc`=!.cc\=!.c`X!&+!.cXfbE!>&0(!(O1&!6&B&0(&!N!
)81,4(84(=! B,4%! "fof=! .cc`! &+! .cXf! %&B31&*+! i+(&! 4B'14I0)%! 6,*%! 1,! %+,3414+)! &+! 1,! 6)5(,6,+4/*! 6&!
HQHh! aV,%+4&*! 0#! *9b=! Yggg}! H/8#&++&@;51?! 0#! *9b=! f\\j}! .(4*4:,%! 0#! *9b=! Ygg`bE! >&! >V7! 8/B'(&*6!
!
^;MA:F!?3Q!Y:;>D;N9<FJ!NPCJNPC:=<9E;C>J!GFJ!','Z!
H)8,'4+01,+4/*! 6&%! '(4*84',1&%! '#/%'#/(?1,+4/*%! 6&%! HQHE! >&%! R4*,%&%! 4B'14I0)&%! &+! 1&%!
'(4*84',0K!&JJ&+%!%/*+!4*64I0)%E!>&%!:/4&%!&*!4*64I0)&%!&*!:&(+!%/*+!8&11&%!I04!%/*+!4*604+&%!',(!
1xQHE! >,! 8/*%)I0&*8&! +(,*%8(4'+4/**&11&! a'/%4+4:&! /0! *)5,+4:&b! 6&%! '#/%'#/(?1,+4/*%! &%+!
4*64I0)&!',(!0*!v!s!v!/0!0*!v!!vE!f!T4,**4!0#!*9b!aYggY,b!Y!V/0(!0#!*9b!aYgg`3b!]![E!.0*!0#!
*9b! aYggjb! c! 7&1B/++&! 0#! *9b! af\\\b! `! .(4*4:,%! 0#! *9b! aYgg`b! X! V(08R! 0#! *9b! aYgg\b! j!
H/8#&++&@;51?!0#!*9b!af\\jbE!L/64J4)!6&!H/8#&++&@;51?!&+!T&(B,4*!aYgg\bE!
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Kinases 
Effets 
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!
!
)5,1&B&*+!'10%4&0(%!%4+&%!6&!'#/%'#/(?1,+4/*!()501,*+!1C,8+4:4+)!6&!HQHh=!6/*+!1,!()54/*!"Yg\^"Yfg!
&+!.Yf\!a.,*+/%!&+![4B=!Ygfg}!.4!0#!*9b=!YggjbE!
>&! 1,3/(,+/4(&! %C&%+! 4*+)(&%%)! ',(+48014$(&B&*+! N! 6&0K! %4+&%! 6&! '#/%'#/(?1,+4/*! B,D&0(%!
%4+0)%! 6,*%! 1&! >V7! &+! 6,*%! 1&! <"7! a_450(&! Y`bE! G&%! %4+&%! %/*+! (,'46&B&*+! '#/%'#/(?1)%! %04+&! N!
1C,8+4:,+4/*!6&%!LQ2[!',(! 1CQHE! >&! %4+&!60! >V7=! 8/((&%'/*6,*+!N! .]X\!6,*%! 1&! 8,%!6&!HQHh=!&%+!0*!
()%460! &K'/%)! 1/8,14%)! &*+(&! 1&%! #)148&%! W\! &+! Wfg! 60! >V7E! M1! J,4+! ',(+4&! 6C0*! B/+4J! (48#&! &*!
,(54*4*&^1?%4*&! 8/((&%'/*6,*+! N! 0*&! %)I0&*8&! 8/*%&*%0%! (&8/**0&! ',(! '10%4&0(%! R4*,%&%=! 8/BB&!
L.[f! &+! 1,! 2[Q! a2,].<40(0;40;#! (81#03;! B3;*/0b! a_450(&! Y`bE! 7&%! &K')(4&*8&%!B&*)&%! 3;! 73#81! &+!
,:&8!6&%!8&1101&%!&*!801+0(&!/*+!B/*+()!I0&!HQHh!'&0+!&JJ&8+4:&B&*+!i+(&!'#/%'#/(?1)!,0!*4:&,0!6&!
.]X\!',(! 1,!2[Q!/0!',(!L.[f=!%055)(,*+!I0&!'10%4&0(%!:/4&%!6&!%45*,14%,+4/*!'/0((,4&*+!8/*:&(5&(!
:&(%!8&!()%460!aV(08R!0#!*9b=!Ygg\}!T,411,(6!0#!*9b=!YggX}!H/8#&++&@;51?!0#!*9b=!f\\`bE!!
+CO9;>F! 'KJ;GAJ! a;>9JF! 'KkK:F>DF!!
#)+!! .jj! 86Rj^"_MMW! H/8#&++&@;51?!0#!*9b!af\\jb!
+-+! .\X! Q["! .(4*4:,%!0#!*9b!aYggXb!
! .ff`! 2[G! [E!.0*!0#!*9b!aYggjb!
! .f`j! 2[G! 7&1B/++&!0#!*9b!af\\\b!
:KM;C>!+! "fof! A<[! .(4*4:,%!0#!*9b!aYgg`b!
]-+! "Yg\^"Yfg! GQL[MMw! .4!0#!*9b!aYggjb!
! .Yf\! 2[Q! .,*+/%!&+![4B!aYgfgb!
! .]X\! 2[Q! H/8#&++&@;51?!0#!*9b!af\\`b!
!! .]X\! L.[f! V(08R!0#!*9b!aYgg\b!
:KM;C>!^! .cc`=!.cc\=!.c`X=!.cXf! 86Rj! H/8#&++&@;51?!0#!*9b!af\\jb!
! .cc`=!.cXf! A<[! .(4*4:,%!0#!*9b!aYgg`b!
)9L<F9A!?Q!(;EFJ!GF!NPCJNPC:=<9E;C>!:KNF:EC:;KJ!GF!','f!FE!b;>9JFJ!9JJCD;KFJZ!
+CO9;>F! 'KJ;GAJ! a;>9JF! 'KkK:F>DF!!
#)+!! .YY! 86R^8?814*&!
Q6,B@.+4+,#!0#!*9b!af\\\b=!!
V,%+4&*!0#!*9b!aYggYb!
! .]Y! A<[! L,**!0#!*9b!aYgg`b!
! .Xf=!.j`=!.oj! A<[! Q6,B@.+4+,#!0#!*9b!af\\\b!
+-+! "fXY! 2[G! [E!.0*!0#!*9b!aYggjb!
]-+! .YX`! A<[! Q6,B@.+4+,#!0#!*9b!af\\\b!
! ~Yco=!~]\j! L[[c! WE!~E!>&&!0#!*9b!aYgggb!
)9L<F9A!lQ!(;EFJ!GF!NPCJNPC:=<9E;C>!:KNF:EC:;KJ!GF!'\'f!FE!b;>9JFJ!9JJCD;KFJZ!
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!
!
>C,0+(&! %4+&! 6&! '#/%'#/(?1,+4/*! B,D&0(=! 8/((&%'/*6,*+! N! .jj! 6,*%! 1&! 8,%! 6&! HQHh=! &%+!
8/*%&(:)!',(B4!1&%!HQH!&+!J,4+!',(+4&!60!2HL!,0!%&4*!60!<"7!a_450(&!Y`b!a.,B,(0+!0#!*9b=!YgffbE!G&!
()%460!&%+!'#/%'#/(?1)!',(!86Rj=!R4*,%&!6/*+!1C,8+4:4+)!6)'&*6!6&!%/*!,%%/84,+4/*!,:&8!1,!8?814*&!W!&+!
LQ"f!aB)*,5&!N!+(/4%!fb=!1&!+/0+!J/(B,*+!1&!8/B'1&K&!+&(*,4(&!GQ[!a24B<*2#37*#3;$!B3;*/0b!6&!"_MMW!
aH/8#&++&@;51?!0#!*9b=!f\\jbE!
7&!B,*4$(&! 4*+)(&%%,*+&=! 41! ,! )+)!B/*+()! I0&!6,*%! 1&! 8,%! 6&!HQHh=! 1,! '#/%'#/(?1,+4/*!60!
<"7!(&I04&(+!1,!'#/%'#/(?1,+4/*!'(),1,31&!60!>V7!aT,411,(6!0#!*9b=!YggXbE!;*!&JJ&+=!1,!'#/%'#/(?1,+4/*!
60!<"7!(&I04&(+!1&!3/*!'/%4+4/**&B&*+!6&!86Rj=!1&I0&1!&%+!,%%0()!',(!1C,*8(,5&!6&!1,!8?814*&!W!%0(!0*!
%4+&!%')84J4I0&!60!>V7!1/8,14%)!,0!*4:&,0!6&! 1,!3/081&!>o@\!aV/0(!0#!*9b=!Ygg`,bE!7&%!%4B01,+4/*%!6&!
6?*,B4I0&! B/1)801,4(&! 60! >V7! 6&! HQHh! /*+! B/*+()! I0&! 1,! '#/%'#/(?1,+4/*! 6&! .]X\! 4*604+! 6&%!
8#,*5&B&*+%!6,*%!1,!6?*,B4I0&!%+(08+0(,1&!6&!>o@\E!G&0K@84!%&!+(,604%&*+!',(!0*&!,05B&*+,+4/*!6&!
1C,JJ4*4+)!'/0(! 1,! J4K,+4/*!6&! 1,!8?814*&!W=!'&(B&++,*+!6&!8&! J,4+! 1,!'#/%'#/(?1,+4/*!6&!.jj!',(!86Rj!
aG#&3,(/! 0#! *9b=! Ygf]}! .,B,(0+! 0#! *9b=! YgffbE! ;*! ()%0B)=! 1C,8+4:,+4/*! 6&!L.[f! 73*! 1&%! &JJ&+%! */*@
!
^;MA:F!?BQ!(;EFJ!GF!NPCJNPC:=<9E;C>!DC>JF:IKJ!N9:O;!<FJ!JCAJ[E=NFJ!GF!','Z!
H&'()%&*+,+4/*! 6&%! %4+&%! 6&! '#/%'#/(?1,+4/*! 60! <"7! &+! 60! >V7! 6&%! HQHE! >&! 6/B,4*&! <@
+&(B4*,1! aN! 5,08#&b! 8/B'(&*6! 0*! 2HL! 6,*%! 1&I0&1! %&! +(/0:&*+! 0*! /0! 6&0K! %4+&%! 6&!
'#/%'#/(?1)%!',(!1,!']oLQ2[!/0!86Rj^"_MMWE!>&!>V7!aN!6(/4+&b!8/B'(&*6!I0,*+!N!104!0*!B/+4J!
(48#&! &*! ,(54*4*&^1?%4*&! 8/((&%'/*6,*+! N! 0*&! %)I0&*8&! 8/*%&*%0%! (&8/**0&! ',(! '10%4&0(%!
R4*,%&%=! 4*810,*+!L.[f!&+! 1,!2[QE!>,!'#/%'#/(?1,+4/*!'()%0B)&!6&!HQHuY!(&%+&!8&'&*6,*+!N!
:,146&(E!Q6,'+)!6&!Q1!",*/0(?!0#!*9b!aYgf]b=!>,1&:&&!0#!*9b!aYgfgb=!&+!H/8#&++&@;51?!aYgf`bE!
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RARα1  73-PSPPSPPPLPRVYKP-87           363-VRKRRPSRPH-372 
RARβ2  66-PSPPSPLPPPRVYKP-80           356-IRKRRPSKPH-365 
RARγ1  75-PSSPSPPPPPRVYKP-89           365-VRKRRPSRPH-374 
RARγ2  64-PSSPSPPPPPRVYKP-78           354-ARRRRPSQPY-363 
77 
70 67 
79 77 
66 68 
369 
362 
371 
360 
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!
5)*/B4I0&%!6&!1CQH!'&(B&+!6,*%!0*!'(&B4&(!+&B'%!1,!'#/%'#/(?1,+4/*!60!>V7=! 1,I0&11&!J,:/(4%&!1,!
J4K,+4/*!6&!1,!8?814*&!W!&+!6/*8!1,!'#/%'#/(?1,+4/*!60!<"7!',(!86Rj!a_450(&!YXbE!!
!
^;MA:F!?2Q!59JD9GF!GF!NPCJNPC:=<9E;C>!GF!','f!F>!:KNC>JF!p!<S,'Z!
L.[f!&%+!(,'46&B&*+!,8+4:)&!',(!1xQH!73*!6&%!B)8,*4%B&%!*/*@5)*/B4I0&%!4B'14I0,*+!1,!:/4&!
6&%!']oLQ2[E!L.[f!,8+4:)&!'&0+!,4*%4!'#/%'#/(?1&(!HQHh!,0!*4:&,0!60!>V7E!G&++&!'(&B4$(&!
'#/%'#/(?1,+4/*! 8()&!0*&! %0(J,8&!6C,*8(,5&!'(/'48&!N! 1,! J4K,+4/*!6&! 1,! 8?814*&!W! a#,1/! :&(+bE!
>x4*+&(,8+4/*!HQH@8?814*&!W!'&(B&+! 1&!3/*!'/%4+4/**&B&*+!6&!86Rj!'/0(!'#/%'#/(?1&(!HQHh!
,0!*4:&,0!60!<"7E!G&1,!'&(B&+!1&!(&8(0+&B&*+!6&!+/0+!1&!8/B'1&K&!%0(!1&!HQH;!60!'(/B/+&0(!
60!5$*&!8431&E!;*!',(,11$1&=!L.[f!'#/%'#/(?1&!6&%!I0&0&%!6C#4%+/*&%=!&+!6&!8&%!B/64J48,+4/*%!
6)8/01&*+!6&!B01+4'1&%!(),((,*5&B&*+%!,0!*4:&,0!8#(/B,+4*4&*E!
p38MAPK 
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RARα 
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TFIIH Cycline H 
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!
G&%!%4+&%!6&!'#/%'#/(?1,+4/*!%/*+!)5,1&B&*+!'()%&*+%!8#&U!HQHw!a_450(&!Y`b!aV,%+4&*!0#!*9b=!
Yggg}!>,1&:&&!0#!*9b=!Ygfg}!H/8#&++&@;51?!0#!*9b=!f\\`}!",*&D,!0#!*9b=!f\\jbE!>,!BiB&!8,%8,6&!60!>V7!
,0! <"7! ,! )+)! /3%&(:)&! '/0(! HQHw! aB,*0%8(4+! &*! '()',(,+4/*bE! 7&! J,y/*! 4*+)(&%%,*+&=! 1&! <"7! 6&!
HQHwf!&+!HQHwY!8/B'(&*6!&*!J,4+!6&0K!%4+&%!6&!'#/%'#/(?1,+4/*!a.jj!&+!.j\!6,*%!HQHwf=!.XX!&+!.Xo!
6,*%!HQHwYb!aV,%+4&*!0#!*9b=!YgggbE!>,!']oLQ2[!&%+!(&%'/*%,31&!6&!1,!'#/%'#/(?1,+4/*!60!6&0K4$B&!
%4+&! a.jj! 8#&U! HQHwf=! .XX! 6,*%! HQHwYb! aT4,**4! 0#! *9b=! YggY,}! T4,**4! 0#! *9b=! YggY3bE! >/(%! 6&! B/*!
,((4:)&!,0! 1,3/(,+/4(&=! 1,!.jj!8/*%+4+0,4+! 1&!%&01!%4+&!6&!'#/%'#/(?1,+4/*!()'&(+/(4)!6,*%! 1&!<"7!6&!
HQHhE!
BZlZ 'r<F!GFJ!NPCJNPC:=<9E;C>J!G9>J!<S9DE;I;EK!GFJ!','!
>,! 6)8/0:&(+&! 6&! 1,! '#/%'#/(?1,+4/*! 6&%! HQH! ,!B&*)! N! 0*! I0&%+4/**&B&*+! I0,*+! N! %/*!
):&*+0&1!(O1&! 3;!7371E!L,1#&0(&0%&B&*+=!1,!8/B'1&K4+)!60!'#)*/B$*&!&+!6&%!:/4&%!6&!%45*,14%,+4/*!
B4%&%! &*! D&0! (&*6&*+! 6)148,+&! 1C,*,1?%&! 60! (O1&! '#?%4/1/54I0&! 6&! 1,! '#/%'#/(?1,+4/*! 8#&U! 1C,*4B,1!
aL,(R! 0#! *9b=! Ygg\}! .,B,(0+! &+! H/8#&++&@;51?=! YgfYbE! G&'&*6,*+=! 1&! (O1&! 8(4+4I0&! 6&! 1,!
'#/%'#/(?1,+4/*!6,*%!1C,8+4:4+)!6&%!HQH!,!'0!i+(&!B4%!&*!):46&*8&!6,*%!'10%4&0(%!B/6$1&%!8&1101,4(&%=!
8/BB&!1&%!8&1101&%!6C&B3(?/8,(84*/B&!6&!%/0(4%!a8&1101&%!_\b!&+!1&%!8&1101&%!%/08#&%!&B3?(/**,4(&%!
6&!%/0(4%!aB;.b!N!',(+4(!6&%I0&11&%!/*+!)+)!5)*)()&%!6&%!145*)&%!%+,31&%!HQHw@^@!()&K'(4B,*+!1&!HQHw!
e"! /0! B0+)! ,0! *4:&,0! 6&%! %4+&%! 6&! '#/%'#/(?1,+4/*! av80/2:0vb=! 6&! BiB&! I0&! 6,*%! 6&%! 145*)&%!
8&1101,4(&%! %+,31&%! 6&! J43(/31,%+&%! &B3(?/**,4(&%! 6&! %/0(4%! aL;_b! HQHah=u=wb@^@! ()&K'(4B,*+! HQHh!
e"! /0!B0+)! ,0! *4:&,0! 6&%! %4+&%! 6&! '#/%'#/(?1,+4/*! aQ1! ",*/0(?! 0#! *9b=! Ygfc}! V(08R! 0#! *9b=! Ygg\}!
H/8#&++&@;51?=!Ygf`}!H/8#&++&@;51?!&+!G#,B3/*=!YggfbE!!
>C0*&! 6&%! J/*8+4/*%! ()501)&%! ',(! 1&%! HQH! 6&! J,y/*! '#/%'#/(?1,+4/*@6)'&*6,*+&! &%+! 1,!
64JJ)(&*84,+4/*E!7,*%!1&%!8&1101&%!_\=!1&!'(/8&%%0%!6&!64JJ)(&*84,+4/*!&*!&*6/6&(B&!'(4B4+4J!&%+!()501)!
',(!1CQH!73*!HQHwY!a",*&D,!0#!*9b=!f\\jbE!d(=!41!J{+!B/*+()!I0&!1,!B0+,+4/*!6&!HQHwY!,0!*4:&,0!60!%4+&!
6&!'#/%'#/(?1,+4/*!8431)!',(!86Rj!a.Xob!31/I0&!1,!64JJ)(&*84,+4/*=!%055)(,*+!I0&!1,!'#/%'#/(?1,+4/*!
60!<"7!6&!HQHwY!&%+!(&I04%&!'/0(!8&%!'(/8&%%0%!a",*&D,!0#!*9b=!f\\jbE!210%!()8&BB&*+=!1&%!B;.!/*+!
'&(B4%!6C&JJ&8+0&(!6&%!/3%&(:,+4/*%!%4B41,4(&%E!;*!&JJ&+=!1,!64JJ)(&*84,+4/*!*&0(/*,1&!N!',(+4(!6&%!B;.!
'10(4'/+&*+&%! &%+! 4*604+&! ',(! 1CQH! &+! 4B'14I0&! )5,1&B&*+! 1&! %/0%@+?'&! HQHwYE! ;11&! &%+! 8&'&*6,*+!
31/I0)&!',(!1,!B0+,+4/*!6&!.Xo!6&!HQHwY!aQ1!",*/0(?!0#!*9b=!Ygfc}!H/8#&++&@;51?=!Ygf`bE!!
>,! '#/%'#/(?1,+4/*! &%+! )5,1&B&*+! (&I04%&! '/0(! 1,! +(,*%8(4'+4/*! 6&! 8&(+,4*%! 5$*&%! 8431&%!
%')84J4I0&%E! ;*! &JJ&+=! 6,*%! 1&%! 8&1101&%! _\! &+! 1&%!B;.=! 1,!B0+,+4/*!6&%! %4+&%! 6&!'#/%'#/(?1,+4/*!6&!
HQHwY! 4*604+! 0*&! '&(+&! 6&! 1C,8+4:,+4/*! 6&! 8&(+,4*%! 5$*&%! 8431&%! ',(! 1CQH! aQ1! ",*/0(?! 0#! *9b=! Ygfc}!
",*&D,! 0#! *9b=! f\\jbE! 7&%! &K')(4&*8&%! 6&! H<Q@%&I! &JJ&8+0)&%! 6,*%! 1&%! B;.! N! 1C,46&! 6&!
'#/%'#/B0+,*+%!6&!HQHwY!/*+!B/*+()!I0C&*:4(/*!`g!6&%!5$*&%!8431&%!6&!HQHwY!%/*+!()501)%!',(!
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!
1,! '#/%'#/(?1,+4/*! aQ1! ",*/0(?! 0#! *9b=! Ygfc}!L/0+4&(! 0#! *9b=! YgfY}! H/8#&++&@;51?=! Ygf`bE! G&%! 5$*&%!
%/*+! '(4*84',1&B&*+! 4B'14I0)%! 6,*%! 1&! 6):&1/''&B&*+! *&0(/*,1! &+! 4*810&*+! _0>#'<+! a90>#! 83$6#!
40#08?3;*#31;! >*2#18! +b! &+! 1&%! 5$*&%! v61?01=1@e! M=@%! a$*/#8:9*#31;! =8*3;! 61?01=1@! %b=! XLa+f!
a60(*#12'#0!;:290*8!>*2#18!+!61?01=1@!"b!,*6!]03/%!aH/8#&++&@;51?=!Ygf`bE!G&%!()%01+,+%!%055$(&*+!
I0&! 1,! 64JJ)(&*84,+4/*! *&0(/*,1&! 6&%!B;.! 4*604+&! ',(! 1CQH! (&'/%&! %0(! 6&%! &JJ&+%! +(,*%8(4'+4/**&1%!
'#/%'#/(?1,+4/*@6)'&*6,*+%!6&!HQHwYE!!
.4B41,4(&B&*+=!6&%!&K')(4&*8&%!B&*)&%!6,*%!6&%!L;_!HQHah=u=wb@^@! ()&K'(4B,*+!HQHh!e"!
/0!B0+)!,0!*4:&,0!6&%!%4+&%!6&!'#/%'#/(?1,+4/*!/*+!B/*+()!I0&!8&(+,4*%!&JJ&+%!+(,*%8(4'+4/**&1%!6&!
HQHh! %/*+! )5,1&B&*+! 6)'&*6,*+%! 6&! 1,! '#/%'#/(?1,+4/*! aV(08R! 0#! *9b=! Ygg\bE! G&(+,4*&%!
B,*4J&%+,+4/*%!',+#/1/54I0&%!%&B31&*+!6C,411&0(%!6)8/01&(!6C0*!6)J,0+!6&!'#/%'#/(?1,+4/*!6&!HQHhE!
;*!&JJ&+=! 8#&U! 1&%!',+4&*+%! %/0JJ(,*+!6&!U081408?*!.3$?0;#1/:?=!6&%!B0+,+4/*%!,JJ&8+&*+! 1,! %/0%@
0*4+)!p27!60!8/B'1&K&!6&!"WMMW=!&B'i8#,*+!1,!'#/%'#/(?1,+4/*!60!<"7!6&!HQHh!',(!86Rj!a[&(4&1!0#!
*9b=!YggYbE!G&1,!%&!+(,604+!',(!6&%!6)J484&*8&%!6,*%!1C&K'(&%%4/*!6&!'10%4&0(%!5$*&%!8431&%!I04!/*+!)+)!
8/(()1)&%!,0K!B,*4J&%+,+4/*%!814*4I0&%!/3%&(:)&%!8#&U!1&%!',+4&*+%!a;51?=!YggfbE!
7&!'10%=!1,!'#/%'#/(?1,+4/*!%&B31&!D/0&(!0*!(O1&!6)+&(B4*,*+!6,*%!1&!(&8(0+&B&*+!6&!HQHh!
&+!HQHw!,0!*4:&,0!6&%!HQH;!aQ1!",*/0(?!0#!*9b=!Ygfc}!V(08R!0#!*9b=!Ygg\bE!7,*%!1&!8,%!6&!HQHwY=!6&%!
&K')(4&*8&%! 6&! GWM2@%&I! &JJ&8+0)&%! 6,*%! 1&%! B;.! /*+! B/*+()! I0&! 1,! B,D/(4+)! 6&%! 5$*&%! 8431&%!
()501)%!',(!1,!'#/%'#/(?1,+4/*!%/*+!,%%/84)%!%')84J4I0&B&*+!N!8&(+,4*%!+?'&%!6&!HQH;-!1&%!7Hj=!HQH;!
,+?'4I0&%! '&0! J()I0&*+%=! &+! 1&%!7H`! aQ1! ",*/0(?! 0#! *9b=! Ygfc}!L/0+4&(! 0#! *9b=! YgfY}! H/8#&++&@;51?=!
Ygf`bE! 7,*%! 8&! 8/*+&K+&=! 41! &%+! '(/3,31&! I0&! 1,! '#/%'#/(?1,+4/*! ,''/(+&! 0*&! 8&(+,4*&! %)1&8+4:4+)!
I0,*+!,0!8#/4K!6&%!5$*&%!8431&%!()501)%!6,*%!0*!8/*+&K+&!6/**)E!!!
2,(!I0&1%!B)8,*4%B&%! 1,!'#/%'#/(?1,+4/*!()501&@+@&11&! 1C,8+4:4+)!6&%!HQHt!T1/3,1&B&*+=! 41!,!
)+)!B/*+()!I0&!1,!'#/%'#/(?1,+4/*!'&0+!,JJ&8+&(!1&!J/*8+4/**&B&*+!6&%!H<!N!'10%4&0(%!*4:&,0KE!;11&!
'&0+!6C,3/(6!,JJ&8+&(!1&0(!1/8,14%,+4/*!N!1C4*+)(4&0(!6&%!8&1101&%!a>/B3,(64!0#!*9b=!Yggo}![E!.0*!0#!*9b=!
Yggj}! e&45&1! &+! L//(&=! YggjbE! 2,(! &K&B'1&=! 41! ,! )+)! B/*+()! I0&! 6,*%! 8&(+,4*%! 8,%=! 1,!
'#/%'#/(?1,+4/*!6&!HQHw!,0!*4:&,0!60!<"7!J,:/(4%&!%,!()+&*+4/*!6,*%!1&!8?+/'1,%B&E!>,!1/8,14%,+4/*!
4*+(,8&1101,4(&! 6&%! HQH! )+,*+! N! 1,! 3,%&! 6&! 1C)I04143(&! &*+(&! 1&%! ()'/*%&%! 5)*/B4I0&%! &+! */*@
5)*/B4I0&%!N!1CQH=!%,!()501,+4/*!8/*%+4+0&!0*!B/?&*!(,'46&!&+!():&(%431&!6&!'&(B&++(&!0*&!()'/*%&!
8&1101,4(&!,6)I0,+&!&*!J/*8+4/*!6&%!%45*,0K!&*:4(/**&B&*+,0K!&+!6&%!8/*64+4/*%!'#?%4/1/54I0&%!a~E!
WE!W,*!0#!*9b=!Ygg\bE!
;*! /0+(&=! 1C)+,+! 6&! '#/%'#/(?1,+4/*! 6&%! HQH! '&0+! ,JJ&8+&(! 1&0(! 4*+&(,8+4/*! ,:&8! 8&(+,4*%!
',(+&*,4(&%E! ;*! &JJ&+=! 1&! %4+&! 6&! '#/%'#/(?1,+4/*! 60! <"7! J,4+! ',(+4&! 6C0*! 2HL=! B/+4J! ,6,'+)! ,0K!
4*+&(,8+4/*!,:&8!1&%!'(/+)4*&%!N!6/B,4*&%!.W]!/0!ee!a.06/1!0#!*9b=!f\\`}!WE!~0!0#!*9b=!f\\cbE!d(=!1,!
45
!
!
'#/%'#/(?1,+4/*! 6C0*! ()%460! %)(4*&! %4+0)! 6,*%! 8&! 2HL! '&0+! ,JJ&8+&(! J,:/(,31&B&*+! /0!
6)J,:/(,31&B&*+!8&%!4*+&(,8+4/*%!a[,?!0#!*9b=!Yggg}!L,84,%!0#!*9b=!YggY}!.06/1!0#!*9b=!Yggf}!P,((4*',(!
&+!>4B=!YgggbE!Q4*%4=!6&!()8&*+%!+(,:,0K!&JJ&8+0)%!,0!1,3/(,+/4(&!/*+!B/*+()!I0C&*!,3%&*8&!6CQH=!1,!
:4*&K4*&!u! 4*+&(,54+! ,:&8! 1&!2HL!6&!HQHw!*/*@'#/%'#/(?1)!,0!*4:&,0!60!<"7!73*! 1C0*!6&! %&%! +(/4%!
6/B,4*&%!.W]!&+=!8&!J,4%,*+=!%)I0&%+(&!HQHw!#/(%!6&!1,!8#(/B,+4*&!a_450(&!YjQbE!;*!()'/*%&!N!1CQH=!
1,! '#/%'#/(?1,+4/*! 6&! HQHw! ,0! *4:&,0! 60! 2HL! '&(B&+! 1,! 64%%/84,+4/*! 6&! 1,! :4*&K4*&! u! &+! 6&%!
):&*+0&1%!8/B'1&K&%!,%%/84)%=!'&(B&++,*+!,4*%4!1&!(&8(0+&B&*+!6&!HQHw!%0(!1CQ7<!&+!1C4*4+4,+4/*!6&!1,!
+(,*%8(4'+4/*! a>,1&:&&! 0#! *9b=! YgfgbE! >&! J,4+! I0&! 1&! 2HL! %/4+! %4+0)! N! '(/K4B4+)! 60!7V7! a_450(&! YjGb!
'/0((,4+!&K'14I0&(!1C4*J10&*8&!6&!%,!'#/%'#/(?1,+4/*!&+!6&!%&%!',(+&*,4(&%!%0(!1,!8,',84+)!6&!14,4%/*!N!
1CQ7<E!7,*%! 1&! 8,%! 6&!HQHwY=! 1,! 64%%/84,+4/*!'#/%'#/(?1,+4/*@6)'&*6,*+&!6&! 1,! :4*&K4*&!u! %&B31&!
i+(&!(&I04%&!%')84J4I0&B&*+!'/0(!1,!14,4%/*!,0K!HQH;!6&!+?'&!7H`!&+!7Hj!a_450(&!YjVbE!>C,(8#4+&8+0(&!
6&%! #)+)(/64B$(&%! HQH@HpH! )+,*+! 6)J4*4&! ',(! 1C&%',8&B&*+! 6&%! HQH;=! 41! &%+! '/%%431&! I0&! 1&%!
'(/+)4*&%! N! 6/B,4*&%! .W]! 8/BB&! 1,! :4*&K4*&! u! *C&*+(,:&*+! 1&! (&8(0+&B&*+! 6&%! #)+)(/64B$(&%!
HQHwY^HpH!I0&!%0(!1&%!HQH;!,%%/84)%!N!0*!8&(+,4*!+?'&!6C,(8#4+&8+0(&!aH/8#&++&@;51?=!Ygf`bE!!
>,! '#/%'#/(?1,+4/*!6&! 1,! .jj! 1/8,14%)&!6,*%! 1&! 2HL!60!<"7!6&!HQHh! ()501&! )5,1&B&*+! 1&!
(&8(0+&B&*+!6&!8&(+,4*%!',(+&*,4(&%E!Q4*%4=!1,!'(/1?1@4%/B)(,%&!24*f=!I04!(&8/**,4+!1&!B/+4J!'.&(^"#(@
2(/=! 4*+&(,54+! ,:&8! HQHh! '#/%'#/(?1)! ,0! *4:&,0! 6&! .jj! aV(/*6,*4! 0#! *9b=! Ygg`bE! >&! (&8(0+&B&*+!
'#/%'#/(?1,+4/*@6)'&*6,*+! 6&! 24*f!'&0+! 104@BiB&!,JJ&8+&(! 1&! (&8(0+&B&*+! 6C,0+(&%! '(/+)4*&%E! ;*!
&JJ&+=! 24*f! '&0+! '(/8)6&(! N! 1C4%/B)(4%,+4/*! 23/<#8*;/! 60! ()%460! '(/14*&! :/4%4*! 60! %4+&! 6&!
'#/%'#/(?1,+4/*=!8&!I04!,JJ&8+&!1,!(&8/**,4%%,*8&!6C,0+(&%!',(+&*,4(&%!aV,/!0#!*9b=!Yggc}!V(/*6,*4!0#!
*9b=!Ygg`bE!
_4*,1&B&*+=! 1,! '#/%'#/(?1,+4/*! %&B31&! D/0&(! 0*! (O1&! 4B'/(+,*+! 6,*%! 1&! B)8,*4%B&!
&*+/0(,*+!1,!6)5(,6,+4/*!6&%!HQH!aT4,**4!0#!*9b=!YggY,}![/'J!0#!*9b=!YgggbE!G/BB&!*/0%!1&!:&((/*%!,0!
8#,'4+(&! %04:,*+=! 1,! 6)5(,6,+4/*! 6&%! HQH! ',(! 1&! '(/+),%/B&=! )+,'&! B,(I0,*+! 1,! J4*! 60! %45*,1!
+(,*%8(4'+4/**&1=! &%+! 4B'/(+,*+&! '/0(! 1,! 6?*,B4I0&! 6&! 1,! +(,*%8(4'+4/*! &*! '&(B&++,*+! 0*&!
()):,10,+4/*!8/*+4*0&11&!6&%!3&%/4*%!+(,*%8(4'+4/**&1%!&*!J/*8+4/*!6&%!%45*,0K!+(,*%B4%!',(!1CQHE!M1!,!
)+)!B/*+()!I0&!1,!'#/%'#/(?1,+4/*!6&!HQHw!&%+!*)8&%%,4(&!N!%/*!034I04+4*,+4/*!&+!N!%,!6)5(,6,+4/*!
a:/4(!.&8+4/*!XEcb!aT4,**4!0#!*9b=!YggY,}![/'J!0#!*9b=!YgggbE!!
T1/3,1&B&*+=! 1C&*%&B31&! 6&! 8&%! 6/**)&%! %055$(&*+! 0*&! 8//')(,+4/*! &*+(&! 1&%! &JJ&+%!
5)*/B4I0&%!&+!*/*@5)*/B4I0&%!6&! 1CQH!'/0(! 1,! ()501,+4/*! +(,*%8(4'+4/**&11&E!Q4*%4=! 1&%!&JJ&+%!*/*@
5)*/B4I0&%!',(+484'&*+!N!1,!6?*,B4I0&!&+!N!1,!%')84J484+)!6&!1,!()501,+4/*!+(,*%8(4'+4/**&11&!',(!1&%!
HQH=!'&(B&++,*+!N!1,!8&1101&!0*&!()'/*%&!&JJ48,8&!&+!,6,'+)&!,0!8/*+&K+&!'#?%4/1/54I0&E!
!
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!
^;MA:F!?6Q!5C>E:r<F!GF!<S9DE;I;EK!E:9>JD:;NE;C>>F<<F!GF!','q!N9:!<9!I;>Fh;>F!iZ!
,V! ;*! ,3%&*8&! 6CQH=! 1&! +(/4%4$B&! 6/B,4*&! .W]! 6&! 1,! :4*&K4*&! u! 4*+&(,54+! ,:&8! 1&! 2HL! */*!
'#/%'#/(?1)! 60! <"7! 6&! HQHwE! Q3*! %&%! 6&0K! ,0+(&%! 6/B,4*&%! .W]=! 1,! :4*&K4*&! u! '&0+!
)5,1&B&*+! D/0&(! 1&! (O1&! 6C)8#,J,06! 14,*+! 1&! <"7! ,0! >V7! ',(! 1C4*+&(B)64,4(&! 6&! 8/B'1&K&%!
'(/+)4I0&%! a(&'()%&*+)%! ',(! p! &+! ~bE! G&! 8/B'1&K&! %)I0&%+(&! ,4*%4! HQHw! N! 1C&K+)(4&0(! 6&! 1,!
8#(/B,+4*&=!&B'i8#,*+!1,!+(,*%8(4'+4/*E!;*!()'/*%&!N!1CQH=!1&%!8#,*5&B&*+%!8/*J/(B,+4/**&1%!
60!>V7!&+!1,!'#/%'#/(?1,+4/*!60!2HL!8//'$(&*+!'/0(!'(/:/I0&(!1,!64%%/84,+4/*!60!8/B'1&K&!
8/B'(&*,*+! 1,! :4*&K4*&! uE! G&1,! '&(B&+! 1,! 64B)(4%,+4/*! 6&! HQHw! ,:&8! HpH=! 1,! J4K,+4/*! ,0K!
)1)B&*+%!6&!()'/*%&!&+!1C4*4+4,+4/*!6&!1,!+(,*%8(4'+4/*E!Q6,'+)!6&!>,1&:&&!0#!*9b!aYgfgbE!
-V!7,*%!1&!8,%!6&!HQHwY=!1,!J/(B&!*/*@'#/%'#/(?1)&!60!()8&'+&0(!&%+!,%%/84)&!N!1,!:4*&K4*&!u=!
1C&B'i8#,*+!6&!14&(!%')84J4I0&B&*+!1&%!HQH;!6&!+?'&!7H`!&+!7HjE!>,!'#/%'#/(?1,+4/*!60!<"7!
6&!HQHwY!&*!()'/*%&!N!1CQH!4*604+!1,!64%%/84,+4/*!6&!1,!:4*&K4*&!u=!'&(B&++,*+!1&!(&8(0+&B&*+!
6&!HQHwY!%0(!1&%!)1)B&*+%!7H`!&+!7HjE!7C,'($%!H/8#&++&@;51?!aYgf`bE!
5V!H&'()%&*+,+4/*!%8#)B,+4I0&!60!<"7!6&!HQHwY!B/*+(,*+!1,!'(/K4B4+)!60!2HL!a&+!60!%4+&!6&!
'#/%'#/(?1,+4/*!I0C41!8/B'(&*6b!',(!(,''/(+!,0!7V7E!7C,'($%!H/8#&++&@;51?!aYgf`bE!
transcription 
RXR                           RARγ                             
P 
P 
Y 
SH3.1 
SH3.2 
SH3.3 
X 
RARγ                             
Vinexine β 
AR 
Y 
SH3.1 
SH3.2 
SH3.3 
X 
Complexe 
comprenant la  
Vinexine β 
AR 
DR0                           DR1                    DR2                           DR5                     DR7                           
RARγ2                             
AR 
NTD                             P 
Vinexine β 
Vinexine β 
A                     B                    
C                     RARγ2                             
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BZ3Z YPCJNPC:=<9E;C>!9LF::9>EF!GFJ!','!FE!D9>DF:!
;*! ()'/*%&! N! 64:&(%! %+(&%%! &*:4(/**&B&*+,0K! a9F=! 8#/8! +#&(B4I0&=! 8#/8! /%B/+4I0&b=!
J,8+&0(%! 6&! 8(/4%%,*8&! /0! 8?+/R4*&%=! 6&! */B3(&0%&%! :/4&%! R4*,%4I0&%! %/*+! ,8+4:)&%! a7,:4%=! Yggg}!
7&*+!0#!*9b=!Ygg]bE!>&%!'(/+)4*&%!'#/%'#/(?1)&%!',(!8&%!:/4&%!4*810&*+!64:&(%!J,8+&0(%!6&!+(,*%8(4'+4/*!
6/*+!1&%!HQHE!V4&*!I0&!1,!'#/%'#/(?1,+4/*!6&%!HQH!'04%%&!,JJ&8+&(!64:&(%!%4+&%!I04!:,(4&*+!%&1/*!1&%!
,5&*+%! 6&! %+(&%%=! &11&! ,3/0+4+! 5)*)(,1&B&*+! 6,*%! 8&! 8/*+&K+&! N! 1,! ()'(&%%4/*! 6&! 1C,8+4:4+)!
+(,*%8(4'+4/**&11&!6&%!HQHE!2,(!&K&B'1&=!&*!()'/*%&!,0K!9F=!1&%!A<[!a2<Y:;!L<#08?3;*9!B3;*/0b!%/*+!
,8+4:)&%! &+! '#/%'#/(?1&*+! HQHh! ,0! *4:&,0! 6&! +(/4%! ()%460%-! "fof=! .cc`! &+! .cXfE! G&%!
'#/%'#/(?1,+4/*%! 8/*604%&*+! N! 1C034I04+4*,+4/*! 60! ()8&'+&0(! &+! N! %,! 6)5(,6,+4/*! (,'46&! ',(! 1&!
'(/+),%/B&=!8&!I04!4*#43&!%,!+(,*%,8+4:,+4/*!a.(4*4:,%!0#!*9b=!Ygg`bE!!
7&! B,*4$(&! 4*+)(&%%,*+&! 0*! 5(,*6! */B3(&! 6&! 8,*8&(%! %/*+! 8,(,8+)(4%)%! ',(! 0*&! ,8+4:4+)!
R4*,%4I0&! ,3&((,*+&=! 1,I0&11&! '&0+! i+(&! 6)()501)&! /0! ,B'14J4)&! aV10B&@A&*%&*! &+! W0*+&(=! YggfbE!
Q4*%4=! 41! %C&*%04+! 0*&! '&(+0(3,+4/*! 6&! 1C,8+4:4+)! 6&! R4*,%&%! +&11&%! I0&! Q["=! A<[=! ']oLQ2[! &+!
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<9!OKEPCGF!$0,5Z!
>,!()%4*&!MLQG!a&*!:&(+b!8#,(5)&!&*!4/*%!B)+,114I0&%!
8#,(5)%!'/%4+4:&B&*+! a484!_&]sb! 14&!,:&8!#,0+&!,JJ4*4+)!
1&%! 5(/0'&%! '#/%'#,+&! 8#,(5)%! *)5,+4:&B&*+! 6&%!
'&'+46&%!'#/%'#/(?1)%! a&*!(/05&bE!Q6,'+)!6&!H/5&(%!
&+!_/%+&(!aYgg\bE!
Fe3+ N 
O- 
O- 
O 
O- 
P O- O 
H 
O H 
R 
O 
O 
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!
5W,Y$)'&!2Q !'*/"],)$.#! +&! ],! )',#(5'$Y)$.#! Y,'! ]&! (e()X0&! "-$g"$)$#&[
Y'.)*,(.0&!
>&%!8#,'4+(&%!'()8)6&*+%!/*+!B4%! 1C&B'#,%&!%0(! 1&%!):$*&B&*+%!'()8)6,*+! 1C4*4+4,+4/*!6&! 1,!
+(,*%8(4'+4/*! &+! %0(! 1&0(! ()501,+4/*E! G&'&*6,*+=! 1,! +(,*%8(4'+4/*! &%+! )5,1&B&*+! ()501)&! &*! J4*! 6&!
%45*,1!',(!1x,((i+!6&!1C,8+4:4+)!6&!1,!'/1?B)(,%&!&+!6x,0+(&%!'(/+)4*&%!a",*%&?=!YggfbE!>C0*!6&%!B/?&*%!
0+414%)%!',(!1,!8&1101&!'/0(!B&++(&!J4*!N!1C,8+4:4+)!6&%!'(/+)4*&%!&%+!1&0(!6)5(,6,+4/*E!
2Z7Z +KM:9G9E;C>!GFJ!N:CEK;>FJQ!MK>K:9<;EKJ!
>,! 6)5(,6,+4/*! 6&%! '(/+)4*&%! &%+! 0*&! J/*8+4/*! *)8&%%,4(&! N! '10%4&0(%! )5,(6%E! ;11&! ,%%0(&!
1C#/B)/%+,%4&! 1/(%I0&! 1&%! %+(08+0(&%! 8&1101,4(&%! 6/4:&*+! i+(&! 8/*+4*0&11&B&*+! (&B/6&1)&%=! &*!
',(+48014&(!60(,*+! 1&!6):&1/''&B&*+!/0!&*!()'/*%&!N!6&%!%+4B014!&K+)(4&0(%E!7&!'10%=! 1&%!'(/+)4*&%!
4*8/((&8+&B&*+! (&'14)&%! N! 8,0%&! 6&!B0+,+4/*%! /0! 6&! %+(&%%! a+#&(B4I0&=! /K?6,+4J=! EEEb! 6/4:&*+! i+(&!
)14B4*)&%!'/0(!&B'i8#&(!1&0(!,5()5,+4/*E!;*!'10%!6&!8&%!J/*8+4/*%!v6C&*+(&+4&*v=!1,!6)5(,6,+4/*!&%+!
0*!B/?&*! &JJ48,8&! '/0(! 4*+&((/B'(&! 1,! J/*8+4/*! 6&! '(/+)4*&%! ()501,+(48&%! N! 6&%!B/B&*+%! '()84%=!
8/BB&! 1&%! 8?814*&%=! 1&%! 8/B'/%,*+%! 6&%! :/4&%! 6&! %45*,14%,+4/*! &+! 1&%! J,8+&0(%! 6&! +(,*%8(4'+4/*!
aV,0B&4%+&(!0#!*9b=!f\\o}!G/0K!0#!*9b=!f\\X}!W41+!&+!e/1J=!f\\XbE!!
2/0(! 6&%! (,4%/*%! ):46&*+&%=! 1,! 6)5(,6,+4/*! 6&%! '(/+)4*&%! 6/4+! %C/')(&(! %/0%! 0*! 8/*+(O1&!
+&B'/(&1!&+!%',+4,1!%+(48+!,J4*!6C&B'i8#&(!1,!6&%+(08+4/*!6&!'(/+)4*&%!I04!*&!%/*+!',%!6&%+4*)&%!N!1,!
6)5(,6,+4/*E!2/0(!8&++&!(,4%/*=!1&!'(/8&%%0%!6&!6)5(,6,+4/*!&%+!%/0B4%!N!0*&!8/B',(+4B&*+,+4/*!6&!
%/*! ,8+4:4+)=! 8C&%+@N@64(&! N! 0*! 8/*J4*&B&*+! 60! %4+&! 6)+&*,*+! 0*&! ,8+4:4+)! '(/+)/1?+4I0&=! ,J4*! I0&!
%&01&%! 1&%! '(/+)4*&%! '/(+&0%&%! 6C0*! %45*,1! 6&! 6)5(,6,+4/*! '04%%&*+! ?! ,88)6&(! aV,0B&4%+&(! 0#! *9b=!
f\\obE!>C0*!6&%!8/B',(+4B&*+%!'(/+)/1?+4I0&%!6&%!&08,(?/+&%!&%+!1&!1?%/%/B&=!0*!/(5,*4+&!6)14B4+)!
',(! 0*&! B&B3(,*&=! :&(%! 1&%I0&1%! 1&%! '(/+)4*&%! N! 6)5(,6&(! %/*+! 4B'/(+)&%! 73*! 6&%! B)8,*4%B&%!
%')84J4I0&%E!G&'&*6,*+=!1&%!1?%/%/B&%!*&!%/*+!(&%'/*%,31&%!I0&!6&!1,!6)5(,6,+4/*!6&!8&(+,4*%!+?'&%!
',(+48014&(%! 6&! '(/+)4*&%! a'(/+)4*&%! B&B3(,*,4(&%! /0! )+(,*5$(&%! a'(/:&*,*+! 6&! 3,8+)(4&=! :4(0%bb!
a./(/R4*!0#!*9b=!Ygg\bE!;*!&JJ&+=!1,!:,%+&!B,D/(4+)!6&%!'(/+)4*&%!aog@\gb!%/*+!6)5(,6)&%!',(!0*!,0+(&!
%?%+$B&!,0+/@8/B',(+4B&*+)-!1&!%?%+$B&@034I04+4*&@'(/+),%/B&!aPZ48R1!0#!*9b=!f\\\bE!
2Z?Z ]F!J=JEoOF!AL;RA;E;>F[N:CEK9JCOF!
>&! %?%+$B&! 034I04+4*&@'(/+),%/B&! &%+! 0*! %?%+$B&! '(/+)/1?+4I0&! 8?+/%/14I0&! &+! *081),4(&!
+($%! 8/*%&(:)! &+! '()%&*+! 6,*%! +/0+&%! 1&%! 8&1101&%! &08,(?/+&%E! G&! %?%+$B&! 8/B'/(+&! 6&0K!
8/B'/%,*+&%! '(4*84',1&%-! 0*! %?%+$B&! 6&! 8/*D05,4%/*! 6&! 1C034I04+4*&! %0(! 6&%! %03%+(,+%! '(/+)4I0&%!
%')84J4I0&%=!&+!0*!%?%+$B&!'(/+)/1?+4I0&!,%%/84)=!1&!'(/+),%/B&E!
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!
2Z?Z7Z ]SAL;RA;E;>F!
>&! '(/+),%/B&! &%+! 8,',31&! 6&! 6)5(,6&(! *C4B'/(+&! I0&11&%! '(/+)4*&%! 6&! 1,! 8&1101&! &+! 41!
%C,8I04++&! 6&! 8&++&! J/*8+4/*! ,:&8! 0*&! 5(,*6&! %')84J484+)E! M1! '&0+! BiB&! &K+(,4(&! &+! 6)5(,6&(!
%')84J4I0&B&*+! 0*&! %/0%@0*4+)! 6C0*! 8/B'1&K&! +/0+! &*! 1,4%%,*+! 1&! (&%+&! 60! 8/B'1&K&! 4*+,8+!
aW/8#%+(,%%&(! &+! F,(%#,:%R?=! f\\g}! ;E! .E! A/#*%/*! 0#! *9b=! f\\g}! F&(B,! 0#! *9b=! YggfbE! 9*&! +&11&!
%')84J484+)! &%+! */+,BB&*+! (&*60&! '/%%431&! ',(! 1C0+414%,+4/*! 6C0*! %?%+$B&! 6C)+4I0&+,5&-!
1C034I04+4*,+4/*!a[/B,*6&(!&+!H,'&=!YgfYbE!
>C034I04+4*,+4/*! a/0! 034I04+?1,+4/*b! &%+! 0*&! B/64J48,+4/*! '/%+@+(,608+4/**&11&! 8,(,8+)(4%)&!
',(!1,!J4K,+4/*!8/:,1&*+&!6C0*&!/0!6&!'10%4&0(%!034I04+4*&a%b!%0(!0*!()%460!,88&'+&0(!6C0*&!'(/+)4*&E!
>C034I04+4*&!&%+!0*&!'(/+)4*&! +($%!8/*%&(:)&!6C&*:4(/*!o=`!R7,!8/B'+,*+!jX!,846&%!,B4*)%! a_450(&!
Y\bE!.&%!,++(430+%!1&%!'10%!4B'/(+,*+%!%/*+!%/*!()%460!51?84*&!6&!1C&K+()B4+)!G@+&(B4*,1&=!I04!'&(B&+!
%/*!,++,8#&B&*+!N!0*!%03%+(,+=!6&!BiB&!I0&!1&!()%460!B)+#4/*4*&!<@+&(B4*,1!&+!1&%!%&'+!1?%4*&%!6&!
1,! '(/+)4*&=! I04! (&'()%&*+&*+! 1&%! %4+&%! 6C,++,8#&B&*+! '/0(! 1,! J/(B,+4/*! 6&! 8#,4*&%! 6&!
!
^;MA:F!?1Q!(E:ADEA:F!GF!<SAL;RA;E;>FZ!
.)I0&*8&!&+!%+(08+0(&!6&!1C034I04+4*&!B/*+(,*+!1&%!%&'+!()%460%!1?%4*&!a&*!(/05&b!&+! 1&!()%460!
B)+#4/*4*&! a&*! :&(+b! '&(B&++,*+! 1C,*8(,5&! 6C,0+(&%! 034I04+4*&%E! >,! 51?84*&! 6&! 1C&K+()B4+)! G@
+&(B4*,1&!a&*!/(,*5&b!'&(B&+!1C,++,8#&B&*+!6&!1C034I04+4*&!,0!%03%+(,+!a27Vf9VkbE!
Lys48 
Lys63 
Lys6 
Lys29 
Lys33 
Lys11 
Met1 
Lys27 
Extrémité C-terminale 
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!
'/1?034I04+4*&%!6)J4*4%%,*+!1&!8/6&!6C034I04+4*&!a:/4(!.&8+4/*!XEYEfEYbE!
2Z?Z7Z7Z ]F!N:CDFJJAJ!GSAL;RA;E;>9E;C>!
>C034I04+4*,+4/*! &%+! (),14%)&! ',(! 0*&! 8,%8,6&! 6&! (),8+4/*%! 8,+,1?%)&%! ',(! +(/4%! +?'&%!
6C&*U?B&%-!;f=!;Y=!&+!;]!a_450(&!]gbE!7,*%!0*!'(&B4&(!+&B'%=!0*&!&*U?B&!,8+4:,+(48&!6&!1C034I04+4*&!
a;fb! ,8+4:&! 1C034I04+4*&! N! 1C,46&! 6CQ"2! &*! J/(B,*+! 0*! 14&*! +#4/&%+&(! N! #,0+! '/+&*+4&1! )*&(5)+4I0&E!
>C034I04+4*&! &%+! &*%04+&! +(,*%J)()&! N! 0*&! &*U?B&! 6&! 8/*D05,4%/*! 6&! 1C034I04+4*&! a;YbE! _4*,1&B&*+=!
,:&8!1,!8//')(,+4/*!6C0*&!;]!034I04+4*&@145,%&=!0*!14&*!8/:,1&*+!&%+!J/(B)!&*+(&!1&!()%460!51?84*&!6&!
1C&K+()B4+)! G@+&(B4*,1&! 6&! 1C034I04+4*&! &+! 1&! 5(/0'&B&*+! ,B4*&! ! 6C0*&! 1?%4*&! 6C0*&! '(/+)4*&!
%03%+(,+! a2&((&++! 0#! *9b=! YgffbE! >&! '(/8&%%0%! '&0+! %C,((i+&(! ,'($%! 1C,D/0+! 6C0*&! %&01&! 034I04+4*&!
aB/*/034I04+4*,+4/*b! /0! %&! ()')+&(! '10%4&0(%! J/4%! &+! ,4*%4! J/(B&(! 0*&! 8#,4*&! 6C034I04+4*&%!
a'/1?034I04+4*,+4/*bE! 9*&! */0:&11&! 81,%%&! 6C&*U?B&=! 1&%! ;c=! %&B31&! ',(J/4%! i+(&! 4B'14I0)&! 6,*%!
1C)1/*5,+4/*!6&%!8#,4*&%!6C034I04+4*&!&*!8/11,3/(,+4/*!,:&8! 1&%!;f=!;Y!&+!;]! aW/''&=!Ygg`}![/&51!0#!
*9b=!f\\\}!L48&1!0#!*9b=!Ygf]bE!>&0(!B)8,*4%B&!6C,8+4/*!6&B&0(&!8&'&*6,*+!N!)10846&(E!
.&01&%! 6&0K! &*U?B&%! ;f! %/*+! 8/**0&%-! 9VQf! &+! 9VQX! a:=3O:3#3;<93B0! ?143>308! *2#37*#3;$!
0;S'?0/b!a2E!GE!>&&!0#!*9b=!Ygf]3bE!>&%!&*U?B&%!;Y!%/*+!'10%!*/B3(&0%&%!,:&8!+(&*+&@84*I!B&B3(&%!
()'&(+/(4)%!8#&U!1C#0B,4*!a:,*!e4DR!&+!"4BB&(%=!YgfgbE!GC&%+!8&'&*6,*+!1&!5(/0'&!6&%!;]!I04!8/B'+&!
1&!'10%!6&!B&B3(&%!aXgg!8#&U!1C#0B,4*b!aV&(*6%&*!&+!e/13&(5&(=!YgfcbE!G&11&%@84!%/*+!+($%!64:&(%&%=!
N! 1C4B,5&! 6&%! %03%+(,+%! 6/*+! &11&%! ,%%0(&*+! 1,! (&8/**,4%%,*8&! %')84J4I0&E! >,! '10',(+! 6C&*+(&! &11&%!
,'',(+4&**&*+!N!6&0K! J,B411&%!B,D&0(&%-! 8&11&%! N!6/B,4*&!HM<T! 8/B'(&*,*+! 1&%! %/0%@5(/0'&%!GH>!
a&:993;<FILM! GN! :=3O:3#3;! 93$*/0/b! &+! Q2G^G! a*;*(6*/0<(81?1#3;$! 21?(90@A2'291/1?0b=! &+! 8&11&%! N!
6/B,4*&! W;G"! a61?191$1:/! #1! G)W,.! 2*8=1@'9! #08?3;:/b! 8/B'(&*,*+! 1&%! +(/4%! %/0%@J,B411&%!
L044[AL044[<93B0!GN!N!6/B,4*&!ee=!W;HG!aXG&-!*;4!F&&+<93B0!41?*3;b!N!6/B,4*&!H>7!aF&&+<_3B0!
R1?*3;/b=! &+! 1&%! ,0+(&%!W;G"! %,*%! 6/B,4*&!ee!*4! H>7! a7&%#,4&%! &+! A/,U&4(/=! Ygg\}! .8#&JJ*&(! &+!
[0B,(=! YgfcbE! 9*&! ,0+(&! J,B411&=! 1&%! 9@V/K=! '/%%$6&! 0*! B/+4J! %4B41,4(&! ,0! HM<T! &+! &%+! ',(!
8/*%)I0&*+!%/0:&*+!8/*%46)()&!8/BB&!J,4%,*+!',(+4&!6&!1,!J,B411&!HM<T!aQ(61&?!&+!H/34*%/*=!Ygg`bE!
G&%!J,B411&%!%&!64%+4*50&*+!N!1,!J/4%!',(!1&0(!%)I0&*8&=!1&0(!%+(08+0(&!&+!1&0(%!'(/'(4)+)%!8,+,1?+4I0&%!
aW043(&5+%&!0#!*9b=!f\\`}!>/(48R!0#!*9b=!f\\\bE!;*!&JJ&+=!1&%!B&B3(&%!6&!1,!J,B411&!W;G"!034I04+4*&*+!1&!
%03%+(,+! &*! 6&0K! +&B'%-! 1C034I04+4*&! &%+! 6C,3/(6! +(,*%J)()&! 6&! 1,! ;Y! N! 0*! %4+&! ,8+4J! 6&! 1,! ;]=! '04%!
1C034I04+4*&! &%+! +(,*%J)()&! 6&! 1,! ;]! ,0! %03%+(,+! a_450(&! ]gb! aV&(*6%&*! &+! e/13&(5&(=! YgfcbE!
G&'&*6,*+=!6,*%!1&!8,%!6&%!;]!HM<T=!1&%!'10%!*/B3(&0%&%=!0*&!,%%/84,+4/*!J/*8+4/**&11&!&*+(&!;Y!&+!
;]!&%+!*)8&%%,4(&!'04%I0C&11&%!%/*+!6)'/0(:0&%!6C,8+4:4+)!&*U?B,+4I0&E!7,*%!8&!8,%=!1,!;]!14&!N!1,!J/4%!
1,!;Y!&+!1&!%03%+(,+!&+!'&(B&+!1&!+(,*%J&(+!64(&8+!6&!1C034I04+4*&!6&!1,!;Y!,0!%03%+(,+!&*!D/0,*+!0*!(O1&!
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!
6C)8#,J,06,5&!a2&((&++!0#!*9b=!YgffbE!_4*,1&B&*+=!1&%!;]!HM<T!&+!1&%!;]!W;G"!'&0:&*+!,54(!%&01&%!/0!
%/0%!J/(B&%!6&!8/B'1&K&%!8/BB&!8&0K!6&!+?'&!.G_!a`B(<2:993;<a!=1@b!aQ(61&?!&+!H/34*%/*=!Ygg`bE!
9*&! ;Y! '&0+! 8//')(&(! ,:&8! 64JJ)(&*+&%! ;]! &+! 7320<708/*! a2/15&! 0#! *9b=! Ygf`bE! 7&! J,y/*!
4*+)(&%%,*+&=! 8C&%+! 1C&*U?B&! ;Y! I04! 6)+&(B4*&! 1&! 8,(,8+$(&! B/*/! /0! '/1?! 6&! 1C034I04+4*,+4/*=! 6&!
BiB&! I0&! 1&! +?'&! 6&! 8#,4*&%! 6C034I04+4*&%! I04! %&(,! 8/*%+(04+&}! ,4*%4=! 8C&%+! 6/*8! &11&! I04! J4K&! 1&!
6&:&*4(!60!%03%+(,+!8/*J/(B)B&*+!,0!8/6&!6C034I04+4*&!a2/15&!0#!*9b=!Ygf`bE!7&!'10%=! 1,!*,+0(&!6&%!
8/B'1&K&%!;Y@;]!6)J4*4+!6&!',(!1&0(!%+(08+0(&!1&0(!'/%4+4/**&B&*+!%0(!1&!%03%+(,+!&+!,4*%4!1&!8#/4K!60!
()%460!N!034I04+4*&(!a7,:46!0#!*9b=!Ygfg}!<,'/14+,*/!0#!*9b=!Ygff}!:,*!e4DR!&+!"4BB&(%=!YgfgbE!Q4*%4=!1,!
8/B34*,4%/*! ;Y@;]! '&(B&+! 0*! '(/8&%%0%! 6C034I04+4*,+4/*! #,0+&B&*+! %')84J4I0&! &*! 6)J4*4%%,*+! 1,!
!
^;MA:F!l8Q!0KD9>;JOF!GSAL;RA;E;>9E;C>!GFJ!N:CEK;>FJZ!
>C&*U?B&! ,8+4:,+(48&! 6&! 1C034I04+4*&! a;fb! (),54+! ,:&8! 1C034I04+4*&! a93b! &*! J/(B,*+! 0*! 14&*!
+#4/&%+&(! %&1/*! 0*! '(/8&%%0%! Q"2@6)'&*6,*+E! >C034I04+4*&! &%+! &*%04+&! +(,*%J)()&! N! 0*&!
&*U?B&! 6&! 8/*D05,4%/*! 6&! 1C034I04+4*&! a;Yb! 73*! 1,! J/(B,+4/*! 6C0*! ,0+(&! 14&*! +#4/&%+&(E!
>C034I04+4*&! 60! 8/B'1&K&! ;Y@93! '&0+! &*%04+&! %/4+! i+(&! +(,*%J)()&! 64(&8+&B&*+! 6&! 1,! ;Y! ,0!
%03%+(,+!1/(%I0&!8&104@84!8/B'1&K)!,:&8!0*&!;]!145,%&!6&!+?'&!HM<T=!%/4+!i+(&!+(,*%J)()&!6&!1,!
;Y! N! 0*&! ;]! 145,%&! 6&! +?'&! W;G"! I04! 6,*%! 0*! 6&0K4$B&! +&B'%! +(,*%J$(&! 1C034I04+4*&! ,0!
%03%+(,+E! S:&*+0&11&B&*+=! 1,! ()')+4+4/*! 60! '(/8&%%0%! B$*&! N! 1C)1/*5,+4/*! 6&%! 8#,4*&%!
6C034I04+4*&!73*! 1,! '/%%431&! 4B'148,+4/*!6C0*&!;c!',(!0*!B)8,*4%B&!*/*!)10846)E!L/64J4)! 6&!
7&B,%4!&+!>,0(4*6/!aYgfYbE!
E2 
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SH 
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NH 
O C 
Ub 
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C 
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!
'(/+)4*&!&+!1&!()%460!N!034I04+4*&(=!,4*%4!I0&!1&!+?'&!6C034I04+4*,+4/*E!
2Z?Z7Z?Z ]F!DCGF!GSAL;RA;E;>F!
>C034I04+4*,+4/*! '&0+! %&! 6)(/01&(! %&1/*! '10%4&0(%! %8)*,(4/%! '/%%431&%E! G&0K@84=! %&1/*! 1&%!
J/*8+4/*%! ,0KI0&1%! 41%! %/*+! ,%%/84)%=! %45*,1&*+! ,4*%4! 1&! 6&:&*4(! 60! %03%+(,+! a_450(&! ]fbE! 7&! 8&! J,4+=!
1C034I04+4*,+4/*!D/0&!1&!(O1&!6C0*!8/6&!'&(B&++,*+!1&!%+/8R,5&!&+!1&!+(,*%J&(+!6C4*J/(B,+4/*E!!
>C,D/0+! 6C0*&! %&01&! B/1)801&! 6C034I04+4*&! N! 0*! %03%+(,+! 8/((&%'/*6! N! 0*&!
B/*/034I04+4*,+4/*E! M1! '&0+! )5,1&B&*+! ?! ,:/4(!B01+4@B/*/034I04+4*,+4/*! 1/(%I0&! '10%4&0(%! ()%460%!
6C0*! %03%+(,+! %/*+! B/*/034I04+4*)%E! >&%! B/*/034I04+4*,+4/*%! %/*+! 5)*)(,1&B&*+! ,%%/84)&%! N! 6&%!
(O1&%!*/*@'(/+)/1?+4I0&%!&+!()501&*+!'10+O+!6&%!'(/8&%%0%!+&1%!I0&!1&%!4*+&(,8+4/*%!'(/+)4*&@'(/+)4*&=!
1&!(&B/6&1,5&!6&!1,!8#(/B,+4*&=!1,!+(,*%8(4'+4/*=!1,!1/8,14%,+4/*!&+!1C&*6/8?+/%&!aT(&5/(?!0#!*9b=!Ygg]}!
W48R&!&+!70**=!Ygg]}!W/&5&!0#!*9b=!YggY}!L0(,+,*4!&+!",*%&?=!Ygg]bE!
9*&!034I04+4*&!'&0+!%034(!&11&@BiB&!1C,D/0+!6C0*&!,0+(&!034I04+4*&=!%/4+!N!%/*!&K+()B4+)!<@
+&(B4*,1&! a()%460!L&+fb=! %/4+! %0(! 1C0*! 6&! %&%! %&'+! ()%460%! 1?%4*&! a>?%X=! >?%ff=! >?%Yj=! >?%Y\=! >?%]]=!
>?%co!&+!>?%X]b!a_450(&!Y\b=!8&!I04!6/**&!14&0!N!1,!J/(B,+4/*!6&!8#,4*&%!'/1?B)(4I0&%!6C034I04+4*&%!
6&! 1/*50&0(! :,(4,31&! &+! '/0:,*+! 8/*+&*4(! '10%! 6&! 64K! 034I04+4*&%! a[/B,*6&(! &+! H,'&=! YgfYbE! G&%!
8#,4*&%! %/*+! 64+&%! #/B/5$*&%! %4! 1&! BiB&! ()%460! &%+! B/64J4)! +/0+! ,0! 1/*5! 6&! 1C)1/*5,+4/*=! /0!
#)+)(/5$*&%! %4! 1&%! %4+&%! 6C,*8(,5&! 0+414%)%! ',(! 1&%! 64JJ)(&*+&%! 034I04+4*&%! %/*+! :,(4,31&%E! "/0%! 1&%!
+?'&%! 6&! 14&*%! '/%%431&%! /*+! )+)! 6)+&8+)%! 6,*%! 1&%! 8&1101&%! aAE! 2&*5! 0#! *9b=! Ygg]}! p0! 0#! *9b=! Ygg\bE!
G&'&*6,*+=!'/0(!1&%!8#,4*&%!14)&%!73*!>?%X=!>?%Yj=!>?%Y\=!/0!>?%]]=!'&0!6&!%03%+(,+%!&K4%+&*+!&+!1&0(!
(O1&! 6&B&0(&!B,1! 8/B'(4%! a[/B,*6&(! &+! H,'&=! YgfYbE! >&%! 8#,4*&%! #/B/5$*&%! 6C,0!B/4*%! I0,+(&!
034I04+4*&%!14)&%!73*!>?%co=!/0!',(J/4%!73*!>?%ff=!%/*+!5)*)(,1&B&*+!,%%/84)&%!N!1,!6)5(,6,+4/*!',(!1&!
'(/+),%/B&! a2/15&! 0#! *9b=! Ygf`}! "#(/Z&(! 0#! *9b=! YgggbE! >&%! 8#,4*&%! 14)&%! 73*! L&+f! a)5,1&B&*+!
,''&1)&%! 14*),4(&%b! /0! >?%X]! %/*+! I0,*+! N! &11&%! '10+O+! ,%%/84)&%! N! 0*! (O1&! 6,*%! 1,! %45*,14%,+4/*!
a,8+4:,+4/*! 6&! R4*,%&%=! ()'/*%&! ,0! %+(&%%=! ()',(,+4/*! 6&! 1CQ7<b! &+! 1C)8#,J,06,5&! a,%%&B31,5&! 6&!
8/B'1&K&%b!a2&((&++!0#!*9b=!Ygff}!GE!AE!e0!0#!*9b=!YggXbE!>,!64JJ)(&*8&!6&!(O1&!&*+(&!1&%!64JJ)(&*+%!+?'&%!
6&! 8#,4*&%! 6C034I04+4*&! '/0((,4+! i+(&! &*! ',(+4&! ,++(430,31&! ,0K! 64JJ)(&*+&%! 8/*J/(B,+4/*%! I0C&11&%!
,6/'+&*+E! ;*! &JJ&+=! 1&%! 8#,4*&%! 14)&%! 73*! >?%X=! >?%ff=! >?%Yj=! /0! >?%co! ,6/'+&*+! 0*&! 8/*J/(B,+4/*!
J&(B)&=! ,1/(%! I0&! 1&%! 8#,4*&%! 14)&%! 73*! >?%Y\=! >?%]]=! >?%X]=! /0!L&+f! ,6/'+&*+! 0*&! 8/*J450(,+4/*!
)+&*60&! a_0%#B,*! &+! e,1R&(=! YgfgbE! _4*,1&B&*+=! 1,! 1/*50&0(! 6&! 1,! 8#,4*&! &%+! )5,1&B&*+! 0*!
',(,B$+(&!4B'/(+,*+E!2,(!&K&B'1&=!0*&!1/*50&0(!B4*4B,1&!'&0+!i+(&!*)8&%%,4(&!N!1,!(&8/**,4%%,*8&!
6&!1,!8#,4*&!1/(%I0&!8&11&@84!%&!J,4+!73*!6&%!%4+&%!6&!14,4%/*!B01+4'1&%E!
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!
^;MA:F!l7Q!]F!DCGF!GSAL;RA;E;>FZ!
M110%+(,+4/*!6&%!64JJ)(&*+&%!J/(B&%!6C034I04+4*,+4/*!&+!6&!1&0(%!J/*8+4/*%!,%%/84)&%E!
,V! >&%! +(/4%! +?'&%! 5)*)(,0K! 6C034I04+4*,+4/*-! 1,! B/*/034I04+4*,+4/*=! 1,! B01+4@B/*/@
034I04+4*,+4/*!&+!1,!'/1?034I04+4*,+4/*E!
-V! >&%! 64JJ)(&*+&%! J/(B&%! 6&! '/1?034I04+4*,+4/*! #/B/5$*&=! 6/*+! 1&%! 8#,4*&%! *&! %/*+!
8/B'/%)&%! I0&! 6C0*! %&01! +?'&! 6&! 14&*E! ;*! J/*8+4/*! 60! +?'&! 6&! 14&*=! 1&%! 8#,4*&%! 6&!
'/1?034I04+4*&! ,6/'+&*+! 0*&! 8/*J/(B,+4/*! )+&*60&! aL&+f=! >?%Y\=! >?%]]=! >?%X]b! /0! J&(B)&!
a>?%X=!>?%ff=!>?%Yj=!>?%cobE!
5V!>,!'/1?034I04+4*,+4/*!#)+)(/5$*&!'&0+!'(&*6(&!1,!J/(B&!6&!8#,4*&%!8/B'/%)&%!6&!'10%4&0(%!
+?'&%! 6&! 14&*%E! M1! '&0+! )5,1&B&*+! ?! ,:/4(! '()%&*8&! 6C&B3(,*8#&B&*+%! a,++,8#&B&*+! 6&!
'10%4&0(%!034I04+4*&%!%0(!0*&!BiB&!034I04+4*&!73*!6&%!+?'&%!6&!14&*%!64JJ)(&*+%bE!
L/64J4)!6&![/B,*6&(!aYgg\bE!
Lys 
Substrat 
Ub 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Multi-monoubiquitination  
Lys 
Ub 
Lys 
Ub 
Lys 
Ub 
Substrat 
Monoubiquitination  Polyubiquitination  A 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Met1 
(linéaire) 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Lys29 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Lys33 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub Lys27 
Ub 
Lys 
Substrat 
Ub 
Ub 
Ub Lys48 
Ub 
Lys 
Substrat 
Ub 
Ub 
Ub Lys11 
B Polyubiquitination homogène  
Conformation étendue Conformation fermée 
Lys 
Substrat 
Ub Ub 
Ub Ub 
Lys63 
B Polyubiquitination hétérogène  
Chaines mixtes Chaines à embranchements 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub Lys6 
Lys 
Substrat 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
? 
Localisation, interactions protéine-protéine,  
modulation de l’activité, endocytose! 
? 
Dégradation par le protéasome Signalisation 
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!
_4*,1&B&*+=! 1,!'()%&*8&!6C&B3(,*8#&B&*+%! a,++,8#&B&*+!6&!'10%4&0(%!034I04+4*&%! %0(!0*&!
BiB&! 034I04+4*&b! &%+! )5,1&B&*+! '/%%431&E! >C034I04+4*&! '&0+! BiB&! i+(&! 8/B34*)&! N! 6C,0+(&%!
B/64J48,+4/*%! %4B41,4(&%! 6&! +?'&! v:=3O:3#3;0<93B0! ?143>308/v! a9>Lb! aG4&8#,*/:&(! &+! .+,*#411=! Ygfc}!
[(,:+%/:,@M:,*+%4:!&+!G4&8#,*/:&(=!YgfY}!H,:46!&+!W/8#%+(,%%&(=!YggobE!>&%!9>L=!I04!4*810&*+!<;77o!
aL0:81;*9<(802:8/18! 2099<0@(80//04! 407091(?0;#*99'! 415;<80$:9*#04! (81#03;! Hb=! .9Ld! a`?*99!
:=3O:3#3;<93B0!?143>308b!&+!9JBf!aK=3O:3#3;<>194!?143>308!+b=!/*+! 4*6)'&*6,BB&*+!6&! 1&0(!%)I0&*8&!
0*&!%+(08+0(&!+($%!%4B41,4(&!N! 1C034I04+4*&!,:&8!0*&!51?84*&!G@+&(B4*,1&!73*! 1,I0&11&! 41%!'&0:&*+!i+(&!
,++,8#)%!N!0*!%03%+(,+!a_450(&!]Yb!aW,!&+![4B=!YggobE!G&'&*6,*+=!1,!J/*8+4/*!6&!+&11&%!8/*J450(,+4/*%!
(&%+&!N!6)+&(B4*&(!a[/B,*6&(!&+!H,'&=!YgfYbE!!
2Z?Z7ZlZ 'KMA<9E;C>!GF!<SAL;RA;E;>9E;C>!N9:!<9!NPCJNPC:=<9E;C>!
>,! '#/%'#/(?1,+4/*! '&0+! D/0&(! 0*! (O1&! 8(4+4I0&! 6,*%! 1,! ()501,+4/*! 60! '(/8&%%0%!
6C034I04+4*,+4/*!6C0*&!'(/+)4*&E!;*!&JJ&+=!1,!'#/%'#/(?1,+4/*!6C0*&!'(/+)4*&!&%+!',(J/4%!(&I04%&!'/0(!
^;MA:F!l?Q!]FJ!OCG;k;D9E;C>J!J;O;<9;:FJ!p!<SAL;RA;E;>FZ!
,V! H&'()%&*+,+4/*! %/0%! J/(B&! 6&! (03,*%! 6&! 1,! %+(08+0(&! 6&! 1C034I04+4*&! &+! 6&%!9>L! .9Ld=!
<;77o! &+! 9JBf! B/*+(,*+! 1&0(! %+(08+0(&! %&8/*6,4(&! 8/BB0*&! 6&! +?'&! uuhhuuhu! &+! 1&0(!
%+(08+0(&!+&(+4,4(&!&*!vu@$8*/(vE!!
-V!.0'&('/%4+4/*!6&%!%+(08+0(&%!'()%&*+)&%!&*!vQvE!>&%!J&0411&+%!u!%/*+!(&'()%&*+)%!&*!:&(+!&+!
1&%!#)148&%!h!&*!(/05&E!
7C,'($%!W,!&+![4B!aYggobE!
NEDD8 
SUMO 
Ufm1 
Ubiquitine 
A B 
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!
%,! (&8/**,4%%,*8&! ',(! 1,! ;]! 145,%&! aG,((,*/! 0#! *9b=! f\\\}! T,*/+#! 0#! *9b=! YggfbE! 7&! '10%=! 1,!
'#/%'#/(?1,+4/*!6&!1,!;]!145,%&!'&0+!i+(&!*)8&%%,4(&!N!%/*!,8+4:4+)E!>C034I04+4*,+4/*!60!()8&'+&0(!6&%!
,*6(/5$*&%! &%+! 0*! 3/*! &K&B'1&! 6&! '(/8&%%0%! '#/%'#/(?1,+4/*@6)'&*6,*+E! ;*! &JJ&+=! 1,!
'#/%'#/(?1,+4/*! 60! ()8&'+&0(! ',(! Q["! &%+! *)8&%%,4(&! N! %,! (&8/**,4%%,*8&! ',(! 1C;]! 145,%&! L6BY!
a?1:/0!41:=90!?3;:#0!%bE!2,(,11$1&B&*+=!1,!'#/%'#/(?1,+4/*!6&!L6BY!',(!Q["!&%+!*)8&%%,4(&!N!%/*!
,8+4:4+)! ;]! 145,%&E! >,! 8/B34*,4%/*! 6&! 8&%! 6&0K! ):$*&B&*+%! &%+! (&I04%&! '/0(! 1C034I04+4*,+4/*! &+! 1,!
6)5(,6,+4/*! 60! ()8&'+&0(! aWE! [E! >4*! 0#! *9b=! YggYbE! G&'&*6,*+=! 1,! '#/%'#/(?1,+4/*! *&! J,:/(4%&! ',%!
+/0D/0(%!1C034I04+4*,+4/*!a_0D4B/+/!0#!*9b=!Ygfg}!H,D3#,*6,(4!0#!*9b=!YgfcbE!;11&!'&0+!',(J/4%!'&(B&++(&!
1&!(&8(0+&B&*+!6&!8&(+,4*&%!'(/+)4*&%!,0!6)+(4B&*+!6&%!;]!145,%&%E!2,(!&K&B'1&=!1,!'#/%'#/(?1,+4/*!
6&!22QHw!,0!*4:&,0!6C0*&!%)(4*&!6&!%,!()54/*!Q_@f!'&(B&+!1&!(&8(0+&B&*+!6&!1,!'(/+)4*&!24*f=!I04!
(&8/**,4+!1&!B/+4J!'#/%'#/(?1)!,4*%4!J/(B)!&+!%C?!J4K&!73*!%/*!6/B,4*&!eeE!G&!J,4%,*+=!24*f!&*+(&!&*!
8/B')+4+4/*!,:&8!1&%!;]!145,%&%!N!B/+4J!ee=!8&!I04!31/I0&!1,!'/1?034I04+4*,+4/*!6&!22QHw!&+!(,1&*+4+!
%/*!#:8;1708!a_0D4B/+/!0#!*9b=!YgfgbE!
2Z?Z7Z3Z ]9!GKAL;RA;E;>9E;C>!
>C034I04+4*,+4/*! 8/*%+4+0&! 0*! '(/8&%%0%! 6?*,B4I0&! &+! ():&(%431&E! ;*! &JJ&+=! 6&%! '(/+),%&%!
%')84J4I0&%=! 1&%! 6)034I04+4*,%&%! a79V=! 40:=3O:3#3;*#3;$! 0;S'?0b=! '&0:&*+! 814:&(! 1C034I04+4*&! 6C0*!
%03%+(,+E!>,!8&*+,4*&!6&!79V%!(&8&*%)&%!8#&U!1C#0B,4*!D/0&*+!0*!(O1&!6,*%!6&!*/B3(&0K!'(/8&%%0%!
8&1101,4(&%! a(&B/6&1,5&! 6&! 1,! 8#(/B,+4*&! 73*! 1,! 6)034I04+4*,+4/*! 6C#4%+/*&%=! 1,! ()501,+4/*! 60! 8?81&!
8&1101,4(&=!1,!()',(,+4/*!6&!1CQ7<=!EEEbE!7&!'10%=!&11&%!'&(B&++&*+!1,!()501,+4/*!6&!1,!6)5(,6,+4/*!',(!1&!
'(/+),%/B&! a:/4(! .&8+4/*! XEYEYEYb! &+! 1&! B,4*+4&*! 60! (119! 6C034I04+4*&! 143(&%! 6&! 1,! 8&1101&! &*!
'&(B&++,*+!1&0(!(&8?81,5&!aH&?&%@"0(80!0#!*9b=!Ygg\bE!
2Z?Z?Z ]F!N:CEK9JCOF!?2(!
>&!'(/+),%/B&!'&0+!&K4%+&(!%/0%!6&!B01+4'1&%! J/(B&%=!B,4%!8#&U! 1&%!B,BB4J$(&%=! 1,! J/(B&!
YX.! a1&! v.v! %&! ()J)(,*+! ,0! 8/&JJ484&*+! 6&! %)64B&*+,+4/*! 6&! .:&63&(5b! &%+! '()6/B4*,*+&E! >&!
'(/+),%/B&! YX.! &%+! 0*&! )*/(B&! '(/+),%&! 6&! '10%! 6&! Y=`! B)5,6,1+/*%! &+! 8/*%+4+0)&! 6&! '10%! 6&!
%/4K,*+&! '(/+)4*&%! ,%%/84)&%! 6&! J,y/*! /(6/**)&! a_450(&! ]]bE! M1! &%+! 8/*%+4+0)! 6C0*&! ',(+4&! 8&*+(,1&!
8?14*6(4I0&=! 1&! 8r0(! 8,+,1?+4I0&! Yg.! a/0! G2=! 2180! (*8#3290b=! 8/4JJ)&! 6C0*&! /0! 6&0K! ',(+4801&%!
()501,+(48&%!H2! a80$:9*#18'!(*8#3290b!f\.E!"#)/(4I0&B&*+=! 1&!'(/+),%/B&!YX.!&+! 1&!'(/+),%/B&!]g.!
8/((&%'/*6&*+! N! 0*! 8r0(! 8,+,1?+4I0&! Yg.! ,%%/84)! N! 0*&! /0! 6&0K! ',(+4801&%! f\.! (&%'&8+4:&B&*+}!
8&'&*6,*+=! 1C,''&11,+4/*! v'(/+),%/B&! YX.v! &%+! 5)*)(,1&B&*+! ,88&'+)&! &+! 0+414%)&! '/0(! 8&%! 6&0K!
&%'$8&%!a7,?!0#!*9b=!Ygf]bE!
! !
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!
2Z?Z?Z7Z ]F!DvA:!D9E9<=E;RAF!?8(
>&!8r0(!8,+,1?+4I0&!Yg.!8/*%+4+0&!1C0*4+)!'(/+)/1?+4I0&!60!'(/+),%/B&!YX.E! M1!&%+!8/B'/%)!
6&! Yo! %/0%@0*4+)%! ()',(+4&%! &*! I0,+(&! ,**&,0K! #&'+,B)(4I0&%! %0'&('/%)%! 6&! J,y/*! N! J/(B&(! 0*!
8?14*6(&!,11/*5)!8(&0K!a_450(&!]]=!_450(&!]cb!aV/8#+1&(!0#!*9b=!f\\\bE!./*!/(5,*4%,+4/*!5)*)(,1&=!+($%!
8/*%&(:)&!,0!8/0(%!6&!1C):/10+4/*=!8/B'(&*6!6&0K!,**&,0K!8&*+(,0K!46&*+4I0&%!8/*%+4+0)%!6&!%&'+!
%/0%@0*4+)%!u!&+!6&0K!,**&,0K!&K+)(4&0(%! 46&*+4I0&%!8/*%+4+0)%!6&!%&'+!%/0%@0*4+)%!h!aW&4*&B&?&(!
0#! *9b=! f\\c}! >/Z&! 0#! *9b=! f\\`bE! G#&U! 1&%! ,(8#,&3,8+)(4&%=! 1&%! %&'+! %/0%@0*4+)%! h! &+! u! %/*+! +/0+&%!
46&*+4I0&%! a8/*J/(B,+4/*!hjujujhjb=!,1/(%!I0C&11&%!%/*+!64JJ)(&*+&%!8#&U! 1C#0B,4*! a8/*J/(B,+4/*!hf@
juf@juf@jhf@jb!a",31&,0!cb!aW&4*&B&?&(!0#!*9b=!f\\cbE!!
7&%!,*,1?%&%!%+(08+0(,1&%!/*+!B/*+()!I0&! 1&!8?14*6(&!Yg.!(&*J&(B&!+(/4%!8,:4+)%!8/*+4*0&%-!
6&0K! 8,:4+)%! 64%+,1&%! J/(B)&%! 8/*D/4*+&B&*+! ',(! 0*! ,**&,0! h! &+! 0*! ,**&,0! u=! '04%! 0*&! 8,:4+)!
8&*+(,1&!J/(B)&!',(!1&%!6&0K!,**&,0K!u!aT(/11!0#!*9b=!f\\jbE!GC&%+!8&++&!8,:4+)!8&*+(,1&!I04!,3(4+&!1&%!
%4+&%! ,8+4J%! (&%'/*%,31&%! 6&! 1C#?6(/1?%&! 6&%! 14,4%/*%! '&'+464I0&%! 60! %03%+(,+E! Q4*%4=! 1&%! ,**&,0K! h!
8/*+(O1&*+!1C,88$%!N!1,!8#,B3(&!8,+,1?+4I0&!J/(B)&!',(!1&%!6&0K!,**&,0K!uE!!
^;MA:F!llQ!(E:ADEA:F!GA!N:CEK9JCOF!?2(Z!
>&!'(/+),%/B&!YX.!&%+!8/B'/%)!6C0*!8r0(!8,+,1?+4I0&!Yg.!&+!6&!6&0K!8/B'1&K&%!()501,+&0(%!
f\.E!>&!8r0(!8,+,1?+4I0&!Yg.!8/B'(&*6!6&0K!,**&,0K!u!8&*+(,0K!3/(6)%!6&!6&0K!,**&,0K!h!
8/B'/%)%!6&!%&'+!%/0%@0*4+)%!8#,80*E!G#,I0&!8/B'1&K&!()501,+&0(!f\.!8/B'(&*6!0*&!3,%&=!
4*810,*+!0*!,**&,0!6&! %4K! %/0%@0*4+)%!N!,8+4:4+)!Q"2@,%&! aH'+f@Xb=!&+!0*!8/0:&(81&!6)'/0(:0!
6C,8+4:4+)!Q"2@,%&E!>,!%/0%@0*4+)!H2<fg!&%+!1/8,14%)&!N!1C4*+&(J,8&!&*+(&!1,!3,%&!&+!1&!8/0:&(81&E!
Q6,'+)!6&!L0(,+,!0#!*9b!aYgg\bE!
Complexe  
régulateur 19S 
Complexe  
régulateur 19S 
Cœur  
catalytique 20S 
Base 
Anneau β 
α1, α2, α3, α4, α5, α6, α7 
β1, β2, β3, β4, β5, β6, β7 
Rpt1, Rpt2, Rpt3, Rpt4, Rpt5, Rpt6 
Rpn10 Rpn1, Rpn2, Rpn13 
Anneau α 
Couvercle 
Rpn3, Rpn5, Rpn6, Rpn7, Rpn8,  
Rpn9, Rpn11, Rpn12, Rpn15 
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!
G#&U!1&%!&08,(?/+&%=!%&01&%!+(/4%!%/0%@0*4+)%!u!%/*+!(&%'/*%,31&%!6&!1C,8+4:4+)!8,+,1?+4I0&-!uf=!
uY!&+!u`=! %/4+! %4K! %4+&%!',(!8r0(!8,+,1?+4I0&!Yg.! a2E!G#&*!&+!W/8#%+(,%%&(=!f\\X}!T(/11!0#!*9b=!f\\j}!
W&4*&B&?&(! 0#! *9b=! f\\jbE! >&%! I0,+(&! ,0+(&%! %/0%@0*4+)%! u=! N! 1C4*%+,(! 6&%! %/0%@0*4+)%! h=! %/*+!
8,+,1?+4I0&B&*+! 4*,8+4:&%=!34&*!I0&! 1C&K4%+&*8&!6C0*&!,8+4:4+)!8,+,1?+4I0&!,4+!)+)!'(/'/%)&!'/0(!uj!
8#&U! 1&%! B,BB4J$(&%! a9**/! 0#! *9b=! YggYbE! >&%! %/0%@0*4+)%! uf=! uY! &+! u`! 0+414%&*+! 1&! 5(/0'&B&*+!
#?6(/K?1! 6&! 1&0(! ()%460! +#()/*4*&! <@+&(B4*,1! 8/BB&! *081)/'#41&! '/0(! &K&(8&(! 6&%! ,8+4:4+)%!
8,+,1?+4I0&%! 64%+4*8+&%E! Q4*%4=! uf! &K&(8&! 0*&! ,8+4:4+)! 6&! +?'&! 8,%',%&! a814:,5&! ,'($%! 6&%! ()%460%!
,846&%b=! uY! 6&! +?'&! +(?'%4*&! a814:,5&! ,'($%! 6&%! ()%460%! 3,%4I0&%b=! &+! u`! 6&! +?'&! 8#?B/+(?'%4*&!
a814:,5&! ,'($%! 6&%! ()%460%! #?6(/'#/3&%b! a[4%%&1&:! 0#! *9b=! YggXbE! >,! 8/B34*,4%/*! 6&! 8&%! ,8+4:4+)%!
'(/+)/1?+4I0&%! 8/*8&*+()&%! ,0! %&4*! 6&! 1,! 8#,B3(&! 8,+,1?+4I0&! ,%%0(&! 0*&! 5(,*6&! &JJ48,84+)! 6&!
'(/+)/1?%&E!
>/(%I0&! 1&! 8r0(! 8,+,1?+4I0&! Yg.! *C&%+! ',%! 8/4JJ)! 6&! 8/B'1&K&%! ()501,+&0(%=! 1C&*+()&! 6&! 1,!
8,:4+)!4*+&(*&!60!8?14*6(&!&%+!/3%+(0)&!',(!1&%!&K+()B4+)%!<@+&(B4*,1&%!6&%!%/0%@0*4+)%!h!a_450(&!]c!
V! &+! Gb! a_4*1&?=! Ygg\}! T(/11! 0#! *9b=! f\\jbE! >&! ',%%,5&! 6&! 1C)+,+! J&(B)! N! 1C)+,+! /0:&(+! 8/((&%'/*6! N!
1C,8+4:,+4/*!60!'(/+),%/B&!&+!6)'&*6!6&! 1,! J4K,+4/*!6C0*! 8/B'1&K&!,8+4:,+&0(! +&1! 1&! 8/B'1&K&!f\.!
aT(/11! 0#! *9b=! YgggbE! G&'&*6,*+=! BiB&! /0:&(+=! 1&! 8,*,1! 6&B&0(&! +(/'! )+(/4+! '/0(! af]! b! '/0(!
'&(B&++(&!1C&*+()&!6&!'(/+)4*&%!4*+,8+&%}!',(!8/*%)I0&*+=!1&%!'(/+)4*&%!6/4:&*+!i+(&!'(),1,31&B&*+!
6)'14)&%!&+!6)034I04+4*)&%=!J/*8+4/*%!,%%0()&%!',(!1&!8/B'1&K&!f\.!aV,D/(&R!&+!T148RB,*=!YggcbE!
(CAJ[A>;EK! ,DE;I;EK!D9E9<=E;RAF! #COJ!U<FIA:FV! #COJ!UPAO9;>V!
hf! @! .81f^2(8Y^2(%Y^Gj! 2.LQX^2(/%Yj^M/+,!
hY! @! 2(&o^2(%c^~j! 2.LQY^G]^>B'8]!
h]! @! 2(&\^2(%`^~f]! 2.LQc^G\!
hc! @! 2(&X! 2.LQj^Gj^pQ2Gj!
h`! @! 20'Y^7/,`! 2.LQ`^P&+,!
hX! @! 2(&`! 2.LQf^GY^2(/%]g!
hj! @! 2(&fg^2(8f^2(%f^Gf! 2.LQ]^Go!
uf! +?'&!8,%',%&! 2(&]! 2.LVX^~^6&1+,^>L2~^>L2f
\!uY! +?'&!+(?'%4*&! 20'f! 2.LVj^P^LB8fc!
u]! @! 20']! 2.LV]^Gfg!
uc! @! 2(&f^Gff! 2.LVY^Gj!
u`! +?'&!8#?B/+(?'%4*&! 2(&Y^7/,]^!2(5f! 2.LV`^p^LVf!
uX! @! 2(&j^2(%]^!2+%f^G`! 2.LVf^G`!
uj! t! 2(&c! 2.LVc^<]^3&+,^>L2]!
)9L<F9A!3Q!(CAJ[A>;EKJ!GA!DvA:!D9E9<=E;RAF!?8(Z!
7C,'($%!./(/R4*!0#!*9b!aYgg\bE!
61
!
!
!
^;MA:F!l3Q!(E:ADEA:F!GA!DvA:!D9E9<=E;RAF!?8(Z!
,V! F0&! 1,+)(,1&! 60! 8r0(! 8,+,1?+4I0&! Yg.! B/*+(,*+! 1C&B'41&B&*+! 8?14*6(4I0&! 6&%! ,**&,0K!
#&'+,B)(4I0&%!h!&+!uE!
-V!H&'()%&*+,+4/*!&*!8/0'&!60!8,*,1!J&(B)E!>&!'1,*!6&!8/0'&!&%+!4*64I0)!&*!:&(+!&+!1&%!%4+&%!
'(/+)/1?+4I0&%!%/*+!B,(I0)%!&*!(/05&E!>C&B'1,8&B&*+!6&!1C&*+()&!60!8,*,1=! 484!/3%+(0)&=!&%+!
4*64I0)E!
5V!Q**&,0!h!60!8/B'1&K&!Yg.!&*!,3%&*8&!6&!8/B'1&K&!,8+4:,+&0(=!:0&!6&!1,!J,8&!4*+&(,54%%,*+!
,:&8!8&!6&(*4&(=!B/*+(,*+!1,!J&(B&+0(&!60!8,*,1E!>&%!'/8#&%!h!I04!,880&411&*+!1&%!&K+()B4+)%!G@
+&(B4*,1&%!60!8/B'1&K&!,8+4:,+&0(!%/*+!4*64I0)&%!&*!31&0E!
+V!.0(J,8&!6&!1C,**&,0!h!60!8/B'1&K&!Yg.!&+!/0:&(+0(&!60!8,*,1!,'($%!J4K,+4/*!60!8/B'1&K&!
,8+4:,+&0(!2QYX=!6/*+!1&%!&K+()B4+)%!G@+&(B4*,1&%!J450(&*+!&*!D,0*&E!!
7C,'($%!_4*1&?!aYgg\bE!
α6 α7 α1 α2 
α6' α7' α1' α2' 
β7 β1 β2 
β2’ β1’ β7’ 
α 
α’ 
 
β 
β’ 
 
β5' β2 β1 
α7 
α6 
α5 
α2 
α3 
α1 
α4 
α7 
α6 
α5 
α2 
α3 
α1 
α4 
90° 
90° 
B 
D 
A 
C 
Sites protéolytiques 
Entrée du canal 
Extrémités C-terminales  
de PA26 Poches α  
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!
2Z?Z?Z?Z ]F!DCON<FhF!:KMA<9EFA:!71(!
210%4&0(%!8/B'1&K&%!()501,+&0(%!&K4%+&*+!8#&U!1&%!B,BB4J$(&%!&+!'&0:&*+!%C,%%&B31&(!,:&8!
1&!8/B'1&K&!Yg.-!1&!8/B'1&K&!ff.!a2QYob=!2QYgg=!&+!f\.!a2QjggbE!>&!8/B'1&K&!()501,+&0(!B,D&0(!&+!
1&!B4&0K!8,(,8+)(4%)!6&B&0(&!8&'&*6,*+!1&!f\.!a.+,6+B0&11&(!&+!W411=!YgffbE!>&!f\%!&%+!0*!8/B'1&K&!
B,8(/B/1)801,4(&! 6/*+! 1C/(5,*4%,+4/*! &+! 1,! 8/B'/%4+4/*! %/*+! +($%! 8/*%&(:)%! 6&! 1,! 1&:0(&! ,0K!
B,BB4J$(&%! aT148RB,*!&+!G4&8#,*/:&(=!YggYbE! M1! 8/B'(&*6!'10%4&0(%!%/0%@0*4+)%!6)+,411)&%!6,*%! 1&!
",31&,0!`E!G&!8/B'1&K&!D/0&!0*!(O1&!6)+&(B4*,*+!6,*%!1,!6)5(,6,+4/*!6&%!%03%+(,+%!&*!,%%0(,*+!+(/4%!
(O1&%! '(4*84',0K-! 1,! (&8/**,4%%,*8&=! 1,! 6)034I04+4*,+4/*! &+! 1&! 6)'14&B&*+! 6&%! %03%+(,+%E! >,!
(&8/**,4%%,*8&!6&%!%03%+(,+%!'&0+!i+(&!64(&8+&! a',(!6&%!%/0%@0*4+)%! 4*+(4*%$I0&%b!/0! 4*64(&8+&! a',(!
1C4*+&(B)64,4(&!6&!()8&'+&0(%b!a;1%,%%&(!&+!_4*1&?=!Ygg`}!L411&(!&+!T/(6/*=!Ygg`bE!>,!6)034I04+4*,+4/*=!
6,*%!1&!8,%!6&%!'(/+)4*&%!034I04+4*)&%=!%C,''04&!N!1,!J/4%!%0(!6&%!%/0%@0*4+)%!4*+(4*%$I0&%!a2.L7fcb!
&+! %0(! 6&%! 79V! &K+(4*%$I0&%! aQB&(4R! &+! W/8#%+(,%%&(=! Yggc}! T0+&(B,*! &+! T148RB,*=! Yggc,}!
(CAJ[DCON<FhF! ,DE;I;EK! #CO!U<FIA:FV! #CO!UPAO9;>V! ,AE:FJ!>COJ!
V,%&! QQQ@Q"2,%&! H'+f! 2.LGY! G4B`!
! QQQ@Q"2,%&! H'+Y! 2.LGf! !
! QQQ@Q"2,%&! H'+]! 2.LGc! !
! QQQ@Q"2,%&! H'+c! 2.LGX! .05Y!
! QQQ@Q"2,%&! H'+`! 2.LG]! !
! QQQ@Q"2,%&! H'+X! 2.LG`! .05f=!G4B]!
! S8#,J,06,5&! H'*f! 2.L7Y! !
! S8#,J,06,5&! H'*Y! 2.L7f! !
! ()8&'+&0(!93! H'*fg! 2.L7c! !
! ()8&'+&0(!93! H'*f]! Q7HLf! !
G/0:&(81&! ! H'*]! 2.L7]! !
! ! H'*`! 2.L7fY! !
! ! H'*X! 2.L7ff! !
! ! H'*j! 2.L7X! !
! ! H'*o! 2.L7j! L/:]c!
! ! H'*\! 2.L7f]! !
! 79V! H'*ff! 2.L7fc! 2,6f=!2/#f!
! ! H'*fY! 2.L7o! !
! ! H'*f`! 2.L7\! .&Bf=!7%%f!
)9L<F9A!BQ!(CAJ[A>;EKJ!GA!DCON<FhF!:KMA<9EFA:!71(Z!
7C,'()%!_4*1&?!aYgg\bE!
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!
T0+&(B,*!&+!T148RB,*=!Yggc3bE!_4*,1&B&*+=!1&!8/B'1&K&!f\.!'&(B&+!1&!6)'14&B&*+!6&%!%03%+(,+%!&+!
1&0(! +(,*%1/8,+4/*! :&(%! 1&! 8r0(! 8,+,1?+4I0&! Yg.E! G&++&! )+,'&=! '&0! 8/B'(4%&=! *)8&%%4+&! *),*B/4*%!
1C)*&(54&!5)*)()&!',(! 1C#?6(/1?%&!6&! 1CQ"2!',(! 1&%! %4K! %/0%@0*4+)%!Q"2@,%&%! %4+0)&%!6,*%! 1,!3,%&!60!
8/B'1&K&!f\.!a.,R,+,!0#!*9b=!Ygg\}!.+(4&3&1!0#!*9b=!Ygg\bE!!
G/*+(,4(&B&*+! ,0! 8/B'1&K&! Yg.=! 41! *C&K4%+&! ',%! 6&! 6/**)&%! 8(4%+,11/5(,'#4I0&%! I0,*+! N! 1,!
%+(08+0(&!60!8/B'1&K&!f\.E!./*!/(5,*4%,+4/*!'()84%&!*C&%+!6/*8!',%!6)+&(B4*)&!6&!J,y/*!J/(B&11&=!
B,4%!/*!%,4+!*),*B/4*%!I0C&11&!8/B'(&*6!6&0K!%/0%@8/B'1&K&%-!1,!3,%&=!,6D,8&*+&!,0!8/B'1&K&!Yg.=!
&+!1&!8/0:&(81&!a_450(&!]]bE!!
>,!3,%&!&%+!8/*%+4+0)&!6C0*!,**&,0!8/*%+4+0)!6&!%4K!Q"2,%&%!aH'+f@X!aH'+-!80$:9*#18'!(*8#3290!
#83(90! ,! /:=:;3#b! /0! 2.LGf@X! 8#&U! 1C#0B,4*b! I04! ,'',(+4&**&*+! N! 1,! J,B411&! 6&%! Q"2,%&%! QQQs!
a,-.*/0/! *//123*#04! 53#6! 43708/0! 2099:9*8! *2#373#30/b! &+! 6&! +(/4%! %/0%@0*4+)%! 6)'/0(:0&%! 6C,8+4:4+)!
Q"2,%&!aH'*f=!Y!&+!f]!aH'*-!80$:9*#18'!(*8#3290!;1;<,-.*/0!/:=:;3#b!aT148RB,*!&+!G4&8#,*/:&(=!YggY}!
./(/R4*!0#!*9b=!Ygg\bE!>C,**&,0!6CQ"2,%&%!&%+!&*!8/*+,8+!64(&8+!,:&8!1C,**&,0!h!60!8/B'1&K&!Yg.!&+!1,!
I0&0&! G@+&(B4*,1&! 6&%! H'+=! &*! ',(+48014&(! H'+Y! &+! H'+`=! ',(+484'&! 64(&8+&B&*+! N! 1C/0:&(+0(&! 6&!
1C,**&,0!h!&+!6/*8!N!1C,8+4:,+4/*!60!'(/+),%/B&!a7E!LE!.B4+#!0#!*9b=!YggjbE!>&%!%/0%@0*4+)%!H'+!%/*+!
,0%%4!(&%'/*%,31&%!60!6)'14&B&*+!6&%!'(/+)4*&%=!1&I0&1!*)8&%%4+&!1C#?6(/1?%&!6&!1CQ"2=!&+!,%%0(&*+!%,!
+(,*%1/8,+4/*!:&(%!1,!8,:4+)!'(/+)/1?+4I0&!aV&*,(/06D!&+!T/163&(5=!Yggg}!V(,0*!0#!*9b=!f\\\bE!
>&! 8/0:&(81&! 8/*+4&*+! ,0! B/4*%! *&0J! %/0%@0*4+)%! aH'*! ]=! `=! X=! j=! o=! \=! ff=! fY=! f`b! */*!
Q"2,%4I0&%! a_4*1&?=! Ygg\bE! |! 1C&K8&'+4/*! 6&! H'*ff=! '/%%)6,*+! 0*&! ,8+4:4+)! 79V=! 1&! (O1&! 6&%! %/0%@
0*4+)%!60!8/0:&(81&!*C&%+!',%!8/**0!aF&(B,!0#!*9b=!YggY}!~,/!&+!G/#&*=!YggYbE!
>,! %/0%@0*4+)! H'*fg! a2.L7c! 8#&U! 1C#0B,4*b! %&! %4+0&! N! 1C4*+&(J,8&! &*+(&! 1,! 3,%&! &+! 1&!
8/0:&(81&!&+!&*!%+,3414%&!1C,%%/84,+4/*!aT148RB,*!0#!*9b=!f\\obE!Q:&8!H'*f]=!&11&!'&0+!14&(!1C034I04+4*&=!
'&(B&++,*+!1,!(&8/**,4%%,*8&!6&%!%03%+(,+%!034I04+4*)%!a_0!0#!*9b=!f\\o}!W0%*D,R!0#!*9b=!YggobE!H'*f]!
(&8(0+&!)5,1&B&*+!1C&*U?B&!6&!6)034I04+4*,+4/*!9GW]j}!,4*%4=!1,!(&8/**,4%%,*8&!6&!1C034I04+4*&!&+!1,!
6)034I04+4*,+4/*!60!%03%+(,+!%/*+!J/*8+4/**&11&B&*+!8/0'1)&%!,0!%&4*!60!'(/+),%/B&E!
2Z?Z?ZlZ ]F!N:CDFJJAJ!GF!GKM:9G9E;C>!AL;RA;E;>F[GKNF>G9>E!
>,! 6)5(,6,+4/*! ',(! 1&! '(/+),%/B&! J/*8+4/**&! 6&!B,*4$(&! '(/8&%%4:&! a_450(&! ]`bE! Q4*%4=! 1&!
%03%+(,+!'/1?034I04+4*)!&%+!(&8/**0!',(!1&!8/B'1&K&!f\.!73*!1,!%+(08+0(&!I0,+&(*,4(&!6&!1,!8#,4*&!6&!
'/1?034I04+4*&E!>&!%03%+(,+!&%+!&*%04+&!J4K)!',(! 1&%!%/0%@0*4+)%!H'*f!&+!H'*Y=!'&(B&++,*+!,0K!%/0%@
0*4+)%! Q"2,%&%! 60! 8/B'1&K&! f\.! 6&! 1&! 6)'14&(E! >C4*+&(,8+4/*! 6&! H'+Y! &+! H'+`! ,:&8! 1C,**&,0! h!
'(/:/I0&! 1C/0:&(+0(&! 60! 8,*,1=! '&(B&++,*+! ,4*%4! 1C&*+()&! 60! %03%+(,+! &+! %,! +(,*%1/8,+4/*! :&(%! 1,!
8#,B3(&!'(/+)/1?+4I0&!60!8r0(!Yg.!,:&8!1C,46&!6&%!%/0%@0*4+)%!Q"2,%&%E!;*!',(,11$1&=!1,!%/0%@0*4+)!
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!
H'*ff! 60! 8/B'1&K&! f\.! ,4*%4! I0&! 6C,0+(&%! 79V%! 6)+,8#&*+! 1&%! 034I04+4*&%! 60! %03%+(,+! '/0(! &*!
'&(B&++(&!1&!(&8?81,5&E!>&%!%/0%@0*4+)%!N!,8+4:4+)!'(/+),%&!uf=!uY=!&+!u`!'(/8$6&*+!N!1C#?6(/1?%&!6&%!
14&*%! '&'+464I0&%=! (&1,(50,*+! 6&%! '&'+46&%! 6&! '&+4+&! +,411&! a]! N! Y`! ()%460%bE! G&0K@84! %&(/*+! &*%04+&!
(,'46&B&*+! #?6(/1?%)%! ',(! 6&%! '&'+46,%&%! 4*+(,8&1101,4(&%! &*! ,846&%! ,B4*)%=! I04! %&(/*+! ()0+414%)%!
'/0(!1,!%?*+#$%&!6&!*/0:&11&%!'(/+)4*&%!a[4%%&1&:!0#!*9b=!f\\\}!<0%%3,0B!0#!*9b=!f\\obE!
2Z?Z?Z3Z 0KD9>;JOFJ!>C>[D<9JJ;RAFJ!GF!GKM:9G9E;C>!N9:!<F!N:CEK9JCOF!
.&1/*! 1&! B/6$1&! 81,%%4I0&=! 0*&! '/1?034I04+4*,+4/*! '(),1,31&! 60! %03%+(,+! 4B'14I0,*+!
5)*)(,1&B&*+!>?%co!&%+!*)8&%%,4(&!N!%,!(&8/**,4%%,*8&!&+!%,!6)5(,6,+4/*!',(!1&!'(/+),%/B&E!d(=!0*!
*/B3(&! 8(/4%%,*+! 6&! 6/**)&%! 6(&%%&*+! 0*! '/(+(,4+! 3&,08/0'! '10%! 8/B'1&K&! 6&%! B)8,*4%B&%!
&*+/0(,*+!1,!(&8/**,4%%,*8&!60!%03%+(,+!&+!1&!6)(/01&B&*+!6&!1,!6)5(,6,+4/*!aH,:46!&+!W/8#%+(,%%&(=!
YggobE!!
;*!&JJ&+=!6&%!)+06&%!()8&*+&%!/*+!B/*+()!I0&!6&%!+?'&%!6C034I04+4*,+4/*%!,+?'4I0&%!'&0:&*+!
6,*%! 8&(+,4*%! 8,%! i+(&! (&8/**0%! ',(! 1&! '(/+),%/B&! a'/0(! (&:0&=! :/4(! [(,:+%/:,@M:,*+%4:! &+!
G4&8#,*/:&(! aYgfYbbE! 2,(! &K&B'1&=! 6,*%! 8&(+,4*%! 8,%=! 6&%! 8#,4*&%! 6&! '/1?034I04+4*&%! I04! *&! %/*+!
5)*)(,1&B&*+!',%!,%%/84)&%!N!1,!6)5(,6,+4/*=!+&11&%!8&11&%!,++,8#)&%!',(!>?%X]!/0!8&(+,4*&%!8#,4*&%!
#)+)(/5$*&%=! '&0:&*+! i+(&! (&8/**0&%!',(! 1&! '(/+),%/B&! a.,&R4! 0#! *9b=! Ygg\bE!7&%! )+06&%! ()8&*+&%!
/*+!BiB&!(,''/(+)!1C&K4%+&*8&!6C034I04+4*,+4/*%!&JJ&8+0)&%!:4,!1,!J4K,+4/*!6C034I04+4*&%!N!6&%!()%460%!
+#()/*4*&=! %)(4*&!/0!8?%+)4*&!60!%03%+(,+!&+! (&8/**0&%!',(! 1&!'(/+),%/B&! aL87/Z&11! 0#!*9b=!Ygfg}!
",4+! 0#! *9b=! Yggj}! F/%'&(! 0#! *9b=! Ygg\bE! _4*,1&B&*+=! 8&(+,4*&%! B/*/034I04+4*,+4/*%! /0! B01+4@
B/*/034I04+4*,+4/*%! '&0:&*+! )5,1&B&*+! B&*&(! N! 0*&! 6)5(,6,+4/*! a[(,:+%/:,@M:,*+%4:! &+!
G4&8#,*/:&(=!YgfYbE!
>,! 6)5(,6,+4/*! '&0+! )5,1&B&*+! %04:(&! 0*! '(/8&%%0%! 4*6)'&*6,*+! 6&! 1C034I04+4*,+4/*!
ad(1/Z%R4!&+!e41R=!Ygg]bE!>,!'10',(+!6&%!'(/+)4*&%!6)5(,6)&%!%,*%!034I04+4*,+4/*!'(),1,31&!'/%%$6&*+!
0*&!()54/*!*/*!%+(08+0()&=!%/4+!4*+(4*%$I0&B&*+=!%/4+!',(8&!I0C&11&%!%/*+!&*6/BB,5)&%E!>,!'()%&*8&!
6C0*&!()54/*!6)%/(6/**)&!J,8414+&(,4+!1C4*4+4,+4/*!6&!1,!6)5(,6,+4/*!,:&8!/0!%,*%!034I04+4*,+4/*!aM*/3&!
&+! L,+/0%8#&R=! Ygfc}! 2(,R,%#! 0#! *9b=! YggcbE! 7,*%! 6C,0+(&%! 8,%=! 1,! 6)5(,6,+4/*! '&0+! i+(&! Q"2@
4*6)'&*6,*+&!/0!*&!(&I0)(4(!I0&!1&!8/B'1&K&!Yg.!apE!>4!0#!*9b=!Yggj}!"/J,(4%!0#!*9b=!YggfbE!_4*,1&B&*+=!
8&(+,4*%! 8,%! 6&! 6)5(,6,+4/*! ',(+4&11&! '&(B&++,*+! 1,! 5)*)(,+4/*! 6&! '(/+)4*&%! +(/*I0)&%! 6,*%! 0*!
B)8,*4%B&!8/@+(,608+4/**&1!/*+!)5,1&B&*+!)+)!(,''/(+)%!a>E!>4*!0#!*9b=!f\\ob!aPE!P#,*5!0#!*9b=!Ygf]bE!
!
65
!
!
!
^;MA:F!lBQ!Y:CDFJJAJ!GF!GKM:9G9E;C>!AL;RA;E;>9E;C>[GKNF>G9>EF!N9:!<F!N:CEK9JCOFZ!
,V!>&!%03%+(,+!&%+!'/1?034I04+4*)!73*!1&!'(/8&%%0%!6C034I04+4*,+4/*!4B'14I0,*+!1&%!&*U?B&%!;f=!
;Y=!&+!;]!a93-!034I04+4*&bE!
-V!>&!8/B'1&K&!f\.!(&8/**,4+!1,!%+(08+0(&!I0,+&(*,4(&!6&!1,!8#,4*&!6&!'/1?034I04+4*&%E!
5V!>&!%03%+(,+!&%+!J4K)!73*!1&%!%/0%@0*4+)%!H'*f!&+!H'*YE!
+V!>&%!%/0%@0*4+)%!Q"2,%&%!60!8/B'1&K&!f\.!6)'14&*+!1&!%03%+(,+E!>C4*+&(,8+4/*!6&!H'+Y!&+!H'+`!
,:&8!1C,**&,0!h!'(/:/I0&!1C/0:&(+0(&!60!8,*,1=!'&(B&++,*+!,4*%4!1C&*+()&!60!%03%+(,+E!!
&V!>,!%/0%@0*4+)!H'*ff!60!8/B'1&K&!f\.!,4*%4!I0&!6C,0+(&%!79V%!6)+,8#&*+!1&%!034I04+4*&%!60!
%03%+(,+E!
^V! >,! 8#,4*&! '/1?'&'+464I0&! 60! %03%+(,+! &%+! +(,*%1/I0)&! 6,*%! 1,! 8#,B3(&! '(/+)/1?+4I0&! 60!
8r0(!Yg.!,:&8!1C,46&!6&%!%/0%@0*4+)%!Q"2,%&%!60!8/B'1&K&!f\.E!Q4*%4=!1&%!%/0%@0*4+)%!N!,8+4:4+)!
'(/+),%&!uf=!uY=!&+!u`!'(/8$6&*+!N!1C#?6(/1?%&!6&%!14&*%!'&'+464I0&%=!(&1,(50,*+!6&%!'&'+46&%!
6&!'&+4+&!+,411&E!!
Q6,'+)!6&!./(/R4*!0#!*9b!aYgg\bE!
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Fixation 
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Ubiquitination 
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Translocation, 
Protéolyse 
E 
 
Déubiquitination 
E1, E2, E3 
Ub 
Peptides 
ATP 
ADP 
ATP 
ADP 
ATP ADP 
Substrat Substrat ubiquitiné 
Protéasome 
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2Z?Z?ZBZ YPCJNPC:=<9E;C>!FE!9DE;I;EK!GA!N:CEK9JCOF!
>&!'(/+),%/B&!&%+! 1,!8431&!6&!*/B3(&0%&%!B/64J48,+4/*%!'/%+@+(,608+4/**&11&%!afggbE!V4&*!
I0&! 1&! (O1&! 6&! 1,! '10',(+! 6C&*+(&! &11&%! 6&B&0(&! /3%80(=! 8&(+,4*&%!B/64J48,+4/*%! /*+! 0*! (O1&! ,:)()!
6,*%! 1,! B/601,+4/*! 1C,8+4:4+)! 60! '(/+),%/B&! a./(/R4*! 0#! *9b=! Ygg\bE! 2,(B4! 8&11&%@84=! '10%4&0(%!
'#/%'#/(?1,+4/*%! '&0:&*+! ,JJ&8+&(! 1C,%%&B31,5&=! 1,! 1/8,14%,+4/*! /0! 1C,8+4:4+)! 8,+,1?+4I0&! 60!
'(/+),%/B&! a[/*%+,*+4*/:,! 0#! *9b=! YggobE! 2,(! &K&B'1&=! 1,! '#/%'#/(?1,+4/*! 3;! 73#81! 6&%! %/0%@0*4+)%!
hf=! hY=! h]=! uY=! u]=! ,*6! uj! 60! 8/B'1&K&! Yg.! ',(! 1,! 2[Q! ,05B&*+&! 1C,8+4:4+)! 6&! +?'&! 8,%',%&! &+!
8#?B/+(?'%4*&! aP/*5! 0#! *9b=! YggXbE! 7&! '10%=! 1,! '#/%'#/(?1,+4/*! 6&! '10%4&0(%! %/0%@0*4+)%! %0(! 6&%!
()%460%! +?(/%4*&! 6)+&(B4*&! 1,! 1/8,14%,+4/*! 4*+(,8&1101,4(&! 60! '(/+),%/B&}! ,4*%4=! ',(! &K&B'1&=! 1,!
'#/%'#/(?1,+4/*!6&!hY!%0(!~fYg!&%+!(&I04%&!'/0(!1,!1/8,14%,+4/*!*081),4(&!60!'(/+),%/B&!aV&*&648+!
0#! *9b=! f\\`}! [E! ",*,R,! 0#! *9b=! f\\g}! WE! HE! e,*5! 0#! *9b=! f\\jbE! _4*,1&B&*+=! 1,!
'#/%'#/(?1,+4/*^6)'#/%'#/(?1,+4/*! 6&! 8&(+,4*&%! %/0%@0*4+)%! ,JJ&8+&! 1C,%%&B31,5&! 60! '(/+),%/B&=!!
*/+,BB&*+!&*!J,:/(4%,*+!/0!*/*!1,!J4K,+4/*!6&%!',(+4801&%!()501,+(48&%!,0!8/B'1&K&!Yg.!aV/%&!0#!*9b=!
Yggf}!V/%&!0#!*9b=!f\\\}!V/%&!0#!*9b=!YggcbE!!
2ZlZ 'r<F!GA!N:CEK9JCOF!G9>J!<9!:KMA<9E;C>!E:9>JD:;NE;C>>F<<F!
2ZlZ7Z 'r<FJ!N:CEKC<=E;RAFJ!GA!N:CEK9JCOF!G9>J!<9!E:9>JD:;NE;C>!
"&1! I0&! 6)8(4+! ,0! G#,'4+(&! ]=! 1,! '10',(+! 6&%! 8/()501,+&0(%! 4*+&(,54%%&*+! ,:&8! 1&%! H<! 73*! 1&!
6/B,4*&!Q_@Y!6&!B,*4$(&!B0+0&11&B&*+!&K810%4:&E!G&1,!%055$(&!0*!(&8(0+&B&*+!%)I0&*+4&1!&+=!6,*%!
8&! 8/*+&K+&=! 1,! 6)5(,6,+4/*! 6&%! 8/()'(&%%&0(%^8/,8+4:,+&0(%! ',(! 1&! '(/+),%/B&! ()501&(,4+! 1&0(!
(&8(0+&B&*+!&+!1&0(!6)',(+=!B)8,*4%B&!*)8&%%,4(&!N!1C4*4+4,+4/*!&+!N!1,!6?*,B4I0&!6&!1,!+(,*%8(4'+4/*!
aG/114*%!&+!",*%&?=!YggX}!7&**4%!&+!dCL,11&?=!Ygg`}!>4'J/(6!&+!7&%#,4&%=!Ygg]}!L&+4:4&(!0#!*9b=!Ygg]}!
2&(4%%4!0#!*9b=!YggcbE!!
7&! '10%=! '10%4&0(%! H<! 6/*+! ;Hh=! TH=! "H=!LH! a?3;08*91218#32134! 8020(#18b! &+! 1&%! HQH! %/*+!
6)5(,6)%!&*!()'/*%&!N!1&0(!145,*6!a>/*,(6!&+!dCL,11&?=!Ygg\bE!M1!,!)+)!%055)()!I0&!1&0(!6)5(,6,+4/*!
',(! 1&! '(/+),%/B&! '&(B&++(,4+! 6&! 14B4+&(! 1&0(! J/*8+4/*! &+^/0! 6&! J,8414+&(! 1C4*4+4,+4/*! 6&! '10%4&0(%!
8?81&%! 6&! +(,*%8(4'+4/*! 73*! 0*! ,''/(+! 8/*%+,*+! 6&! */0:&,0K! H<! a<,Z,U! &+! dCL,11&?=! YggcbE! 7,*%!
8&(+,4*%!8,%=!34&*!I0&!8&!*&!%/4+!',%!5)*)(,14%)=!1C4*#434+4/*!60!'(/+),%/B&!&*+(,4*&!0*!31/8,5&!6&%!
&JJ&+%! +(,*%8(4'+4/**&1%! a>/*,(6! &+! dCL,11&?=! Ygg\bE! 2/0(! 6&%! (,4%/*%! &*8/(&! */*! )10846)&%=! 1&!
'(/+),%/B&!%&B31&!,:/4(!6&%!J/*8+4/*%!64JJ)(&*+&%!%&1/*!1&!+?'&!6&!'(/B/+&0(!aQ016!0#!*9b=!YggXbE!
!_4*,1&B&*+=! 1&! '(/+),%/B&! '/0((,4+! 1&:&(! 1&%! 31/8,5&%! &*5&*6()%! ',(! 1C,880B01,+4/*! 6&!
1CQH<!2/1!MM!%0(!6&%!%4+&%!6&!',0%&=!6&!+&(B4*,4%/*!/0!6CQ7<!&*6/BB,5)=!D/0,*+!,4*%4!0*!(O1&!6,*%!
1C)1/*5,+4/*!&+!1,!+&(B4*,4%/*!6&!1,!+(,*%8(4'+4/*!aT411&++&!0#!*9b=!YggcbE!
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2ZlZ?Z 'r<FJ!>C>[N:CEKC<=E;RAFJ!GA!N:CEK9JCOF!G9>J!<9!E:9>JD:;NE;C>!
>&!'(/+),%/B&!%&B31&!)5,1&B&*+!i+(&!4B'14I0)!6,*%!1,!()501,+4/*!+(,*%8(4'+4/**&11&!',(!6&%!
'(/8)6)%! *C4B'14I0,*+! ',%! 6&! '(/+)/1?%&! aG/114*%! &+! ",*%&?=! YggX}!L0(,+,*4! &+! ",*%&?=! Ygg]bE! ;*!
&JJ&+=!1&%!%/0%@0*4+)%!Q"2@,%&%!60!%/0%@8/B'1&K&!()501,+&0(!f\.!60!'(/+),%/B&!'&0:&*+!6)'14&(!/0!
(&'14&(!1&%!8/B'/%,*+%!6&%!8/B'1&K&%!()501,+&0(%!6&!1,!+(,*%8(4'+4/*!,J4*!6&!J,:/(4%&(!/0!6)J,:/(4%&(!
1&0(!J4K,+4/*!,0!*4:&,0!6&%!'(/B/+&0(%!/0!1&0(!4*+&(,8+4/*%!,:&8!6C,0+(&%!8/()501,+&0(%!a7E!>&&!0#!*9b=!
Ygg`bE! ;11&%! (&8/*J450(&*+! )5,1&B&*+! 1/8,1&B&*+! 1,! 8#(/B,+4*&! ,J4*! 6&! '&(B&++(&! 1&! (&8(0+&B&*+!
6C&*U?B&%!B/64J4,*+!1&%!#4%+/*&%!a;U#R/:,!&+!",*%&?=!YggcbE!7&!'10%=!.9T@f=!1C0*&!6&%!%4K!Q"2@,%&%!
60!8/B'1&K&!f\.=!4*+&(,54+!,:&8!1&%!HQH!&+!.HG@]!&+!&%+!*)8&%%,4(&!N!1,!+(,*%,8+4:,+4/*!6&!HQHw!a_&((?!
0#!*9b=!Ygg\}!T4,**4!0#!*9b=!YggY,}!:/B!V,0(!0#!*9b=!f\\XbE!
2Z3Z +KM:9G9E;C>!GFJ!','!N9:!<F!N:CEK9JCOF!
>&%!HQH!&+!1&%!HpH!%/*+!6)5(,6)%!',(!1&!'(/+),%/B&!&*!()'/*%&!N!1CQH!aT4,**4!0#!*9b=!YggY3}!
[/'J!0#!*9b=!Yggg}!"E!",*,R,!0#!*9b=!Yggf}!P#0!0#!*9b=!f\\\bE!>&!B)8,*4%B&!&K,8+!6&!8&++&!6)5(,6,+4/*!
6&B&0(&!N!)10846&(=!B,4%!41!&K4%+&!*),*B/4*%!I0&1I0&%!4*J/(B,+4/*%!(&1,+4:&%!N!%,!()501,+4/*E!!
7&%! +(,:,0K! &JJ&8+0)%! ,0! 1,3/(,+/4(&! /*+! B/*+()! I0&! 6,*%! 1&! 8,%! 6&! HQHw=! 41! %C,54+! 6C0*!
B)8,*4%B&! 034I04+4*,+4/*@! &+! '#/%'#/(?1,+4/*@6)'&*6,*+E! ;*! &JJ&+=! HQHw! &%+! '/1?034I04+4*)! &*!
()'/*%&!N!1CQH!&+!8&!'(/8&%%0%!(&I04&(+!1,!'#/%'#/(?1,+4/*!6&%!6&0K!()%460%!60!<"7E!>,!B0+,+4/*!6&%!
6&0K! %4+&%! 6&! '#/%'#/(?1,+4/*! 60! <"7! &B'i8#&! 1C034I04+4*,+4/*! &+! 1,! 6)5(,6,+4/*! 6&! HQHwE! G&1,!
%055$(&!I0&!1&!<"7!%45*,1&(,4+!1,!6)5(,6,+4/*!',(!1&!'(/+),%/B&!73*!%,!'#/%'#/(?1,+4/*!&*!()'/*%&!
N! 1CQH! aT4,**4! 0#!*9b=!YggY,}![/'J! 0#!*9b=!YgggbE!7&!'10%=! 1&!6/B,4*&!Q_@Y! %&B31&! 4*+&(:&*4(!6,*%! 1,!
6)5(,6,+4/*!6&!HQHw!73*! 1&! (&8(0+&B&*+!6&! 1,! %/0%@0*4+)! .9T@f! ,'',(+&*,*+! ,0! 8/B'1&K&!f\.!60!
'(/+),%/B&!aT4,**4!0#!*9b=!YggY,bE!7,*%!1&!8,%!6&!HQHw=!41!%&B31&!6/*8!?!,:/4(!0*&!%0'&('/%4+4/*!6&%!
6/B,4*&%!4B'14I0)%!6,*%!1,!+(,*%,8+4:,+4/*!aQ_@f!&+!Q_@Yb!,:&8!1,!6)5(,6,+4/*!',(!1&!'(/+),%/B&E!>&!
31/8,5&!6&! 1,!6)5(,6,+4/*!N! +(,:&(%! 1C4*#434+4/*!6&! 1,!'#/%'#/(?1,+4/*!/0!60!'(/+),%/B&!,JJ&8+,*+!
*)5,+4:&B&*+! 1,! +(,*%,8+4:,+4/*=! 41! %&B31&! I0&! +(,*%,8+4:,+4/*! &+! #:8;1708! %/4&*+! 4*+4B&B&*+! 14)%!
6,*%!1&!8,%!6&!HQHw!aT4,**4!0#!*9b=!YggY,bE!7,*%!8&!8/*+&K+&=!1,!'#/%'#/(?1,+4/*!6&!HQHw!%&B31&!N!1,!
J/4%! D/0&(! 0*! (O1&! 6C,8+4:,+4/*! 6&! %,! +(,*%8(4'+4/*! &+! 0*! (O1&! 6&!B,(I0,5&! &*! :0&! 6&! %,! '(4%&! &*!
8#,(5&!%03%)I0&*+&!',(!1,!B,8#4*&(4&!034I04+4*&@'(/+),%/B&!,'($%!1,!+(,*%8(4'+4/*!a",*%&?=!YggfbE!
Q4*%4=! 1,! 6)5(,6,+4/*! '&(B&++(,4+! 6,*%! 8&! 8/*+&K+&! 1C&*1$:&B&*+! 6&! HQHw! 6&! 1CQ7<! ,J4*!
6C&B'i8#&(! 1C4*4+4,+4/*! 6&! 8?81&%! 6&! +(,*%8(4'+4/*! &K8&%%4J%! ',(! 0*! %&01! &+! BiB&! #)+)(/64B$(&!
a",*%&?=! YggfbE! G&++&! 14B4+,+4/*! 6&! 1,! J/*8+4/*! 6&%! HQH! &%+! 4B'/(+,*+&! '/0(! 1,! 6?*,B4I0&! 6&! 1,!
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!
+(,*%8(4'+4/*!&*!'&(B&++,*+!0*&!()):,10,+4/*!8/*+4*0&11&!6&%!3&%/4*%!+(,*%8(4'+4/**&1%!&*!J/*8+4/*!
6&%!%45*,0K!+(,*%B4%!',(!1CQHE!!!
7,*%!1&!8,%!6&!HQHh=!41!&K4%+&!8&'&*6,*+!'&0!6C4*J/(B,+4/*%!&*+/0(,*+!%,!6)5(,6,+4/*E!G&11&@
84! %&B31&! *),*B/4*%! i+(&! %/0B4%&! N! 0*! B)8,*4%B&! 64JJ)(&*+! 6&! 8&104! 6&! HQHwE! ;*! &JJ&+=! N! 1,!
64JJ)(&*8&!6&!HQHw=!1,!6)5(,6,+4/*!6&!HQHh!*&!%&B31&!',%!J,4(&!4*+&(:&*4(!.9T@f!a_&((?!0#!*9b=!Ygg\bE!
7&%!+(,:,0K!/*+!*),*B/4*%!B/*+()!I0C&11&!(&I04&(+! 1&!6/B,4*&!Q_@Y=! 1&I0&1!'/0((,4+!i+(&! 4B'14I0)!
6,*%! 1&! (&8(0+&B&*+!6&! 1,!B,8#4*&(4&!6C034I04+4*,+4/*!&+^/0!6&!6)5(,6,+4/*! a[/'J!0#!*9b=!YgggbE!>,!
6)5(,6,+4/*! 6&! HQHh! ,! )5,1&B&*+! )+)! 8/(()1)&! ,0! (&8(0+&B&*+! 6&! 24*f! ,0! *4:&,0! 60! 2HL!
'#/%'#/(?1)!aV(/*6,*4!0#!*9b=!Ygg`}!T4,**4!0#!*9b=!Ygg\bE!7,*%!8&!8/*+&K+&=!24*f!6)%+,3414%&(,4+!HQHh=!
B,4%! 6&! J,y/*! 145,*6@4*6)'&*6,*+&E! >,! 8/*+(430+4/*! ):&*+0&11&! 6&! 1,! '#/%'#/(?1,+4/*! &+^/0! 6&!
1C034I04+4*,+4/*! 6,*%! 1,! 6)5(,6,+4/*! 6&! HQHh! 4*604+&! ',(! 1&! 145,*6! (&%+&! 8&'&*6,*+! N! 6)+&(B4*&(E
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>C)I04'&! 60! 7(E! G)841&! H/8#&++&@;51?! %C4*+)(&%%&! 6&'04%! '10%4&0(%! ,**)&%! ,0! (O1&! 6&%!
'(/8&%%0%!6&!'#/%'#/(?1,+4/*!%0(!1C,8+4:4+)!6&%!HQHE!!
>x)I04'&!,!+/0+!6x,3/(6!B/*+()!I0&!1&%!HQH!%/*+!6&%!'#/%'#/'(/+)4*&%=!'04%!,!46&*+4J4)!6&%!
%4+&%! 6&! '#/%'#/(?1,+4/*! 4*608+431&%! ',(! 1CQH! 1/8,14%)%! 6,*%! 1&! <"7! &+! 1&! >V7E! H)8&BB&*+=! &11&! ,!
():)1)!I0&!8&%!'#/%'#/(?1,+4/*%=!+($%!(,'46&%=!B&++&*+!&*!D&0!6&%!8,%8,6&%!6&!R4*,%&%!,8+4:)&%!',(!
1xQH! :4,! 6&%! &JJ&+%! */*@+(,*%8(4'+4/**&1%! &+! &K+(,*081),4(&%E! G&%! R4*,%&%!B45(&*+! 6,*%! 1&! */?,0! /!
&11&%!'#/%'#/(?1&*+!*/*!%&01&B&*+! 1&%!HQH=!B,4%!,0%%4! 1&0(%!8/()501,+&0(%!&+!6&!*/B3(&0K!,0+(&%!
%03%+(,+%! 8/BB&! 1&%! #4%+/*&%E! G&%! '#/%'#/(?1,+4/*%! D/0&*+! 0*! (O1&! 8(084,1! 6,*%! 1x&K'(&%%4/*! 6&%!
5$*&%!8431&%!6&%!HQHE!;*!&JJ&+=!&11&%!8/*+(O1&*+!1&!(&8(0+&B&*+!6&%!HQH!,0!*4:&,0!6&!1&0(%!)1)B&*+%!
6&!()'/*%&!&+!1x4*+&(,8+4/*!6&%!HQH!,:&8!1&0(%!8/()501,+&0(%E!!
>&!1,3/(,+/4(&!,!,0%%4!B/*+()!I0&!1xQH!4*604+!1,!6)5(,6,+4/*!6&%!HQH!',(!1&!'(/+),%/B&E!M1!,!
)+)! '(/'/%)! I0&! 1,! 6)5(,6,+4/*! 6&%! HQH! %&(,4+! 0*! %45*,1! 6C,((i+! 8&*%)! B,(I0&(! 1,! J4*! 6&! 1,!
+(,*%8(4'+4/*!6&!1&0(%!5$*&%!8431&%E!G&++&!6)5(,6,+4/*!(&I04&(+!1x4*+)5(4+)!60!6/B,4*&!6&!J4K,+4/*!6&%!
8/()501,+&0(%=!%055)(,*+!I0&!1&!'(/+),%/B&!%&(,4+!(&8(0+)!73*!8&!6/B,4*&E!7,*%!1&!8,%!60!%/0%@+?'&!
HQHw=! 1,! 6)5(,6,+4/*! &%+! 8/*+(O1)&! ',(! 1,! '#/%'#/(?1,+4/*! &+! 1x034I04+4*,+4/*! 60! ()8&'+&0(E!
G&'&*6,*+!1&!B)8,*4%B&!6&!1,!6)5(,6,+4/*!6&!HQHh!*x,!',%!&*8/(&!)+)!)10846)E!!
7&! J,y/*! 4*+)(&%%,*+&=! 8&(+,4*&%! 8&1101&%! +0B/(,1&%! 8,(,8+)(4%)&%! ',(! 6&%! ,3&((,+4/*%! 60!
l!R4*/B&!m! %/*+! ()%4%+,*+&%! ,0K! &JJ&+%! ,*+4'(/14J)(,+4J%! 6&! 1CQHE! G&'&*6,*+=! 1&%! B)8,*4%B&%! %/0%@
D,8&*+%!N!8&++&!()%4%+,*8&!%/*+!B,1!8/**0%!&+!1&%!8/*%)I0&*8&%!6&!1,!6)()501,+4/*!6&%!R4*,%&%!%0(!1&!
'#/%'#/'(/+)/B&!51/3,1!&+!%0(!1,!%45*,14%,+4/*!6&!1CQH!*C/*+!D,B,4%!)+)!)+064)&%E!
Ax,4!)B4%! 1x#?'/+#$%&!I0&=!6,*%!8&%! +?'&%!6&!8,*8&(%=! 1&%!,1+)(,+4/*%!60!R4*/B&!'/0((,4&*+!
,JJ&8+&(!1&%!8,%8,6&%!6&!R4*,%&%!,8+4:)&%!',(!1xQH!&+=!',(!8/*%)I0&*+=!1,!'#/%'#/(?1,+4/*!6&%!HQH!&+!
6&! */B3(&0%&%! ,0+(&%! '(/+)4*&%E! Ax,4! 8#/4%4! 8/BB&! B/6$1&! 6&! +(,:,41! 6&%! 8&1101&%! B,BB,4(&%!
+0B/(,1&%! 6x/(454*&! #0B,4*&! I04! &K'(4B&*+! 1&! %/0%@+?'&! HQHh! &+! Dx,4! 8/B',()! 6&%! 8&1101&%! I04!
%0(&K'(4B&*+! a;HVVYsb! /0! */*! a;HVVY@b! 1&! (&8&'+&0(! N! ,8+4:4+)! +?(/%4*&! R4*,%&! &(3V@YE! Q:&8! 8&%!
B/6$1&%=!Dx,4!,*,1?%)!1&%!8/*%)I0&*8&%!6&%!,1+)(,+4/*%!6&%!:/4&%!6&!%45*,14%,+4/*!8,(,8+)(4%+4I0&%!6&%!
8&1101&%!;HVVYs!&+!()%4%+,*+&%!N!1xQH!%0(-!
[!<F!N:Ck;<!p!<SKDPF<<F!GA!MK>COF!GFJ!Mo>FJ!9DE;IKJ!N9:!<H,'!U'#,[JFRV!
[!<F!NPCJNPCN:CEKCOF!M<CL9<!FE!<9!NPCJNPC:=<9E;C>!GF!','f!!
|! 8&++&! J4*=! DC,4! 0+414%)! 1&%! ()8&*+&%! +&8#*/1/54&%! 6&! %'&8+(/B)+(4&! 6&!B,%%&! *,*/@>G@>"k@
d(34+(,'!N!#,0+&!()%/10+4/*!64%'/*431&%!N!1CMTVLGE!G&++&!,''(/8#&!,!*)8&%%4+)!6&!*/B3(&0%&%!B4%&%!
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!
,0! '/4*+! +&8#*4I0&%! '/0(! 1C4BB0*/'()84'4+,+4/*! 60! HQHh! '#/%'#/(?1)=! 1,! 6)+&(B4*,+4/*! 6&%!
8/*64+4/*%!/'+4B,1&%!6&!645&%+4/*!&+!1C&*(48#4%%&B&*+!6&%!'#/%'#/'&'+46&%E!!
[!!<9!GKM:9G9E;C>!GF!','f!
Ax,4! ,*,1?%)! 1&! B)8,*4%B&! 60! (&8(0+&B&*+! 60! '(/+),%/B&! ',(! HQHh! ,4*%4! I0&! 1&! (O1&! 6&!
1x034I04+4*,+4/*!&+!6&!1,!'#/%'#/(?1,+4/*!60!()8&'+&0(!6,*%!8&!'(/8&%%0%E!!!
!
!
!
!
!
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!
QJ4*! 6C)+064&(! 1&%! 8/*%)I0&*8&%! 6C,1+)(,+4/*%! 60! R4*/B&! %0(! 1,! ()'/*%&! N! 1CQH=! DC,4! 0+414%)!
8/BB&!B/6$1&!6&%!145*)&%!6&!8&1101&%!6)(4:)&%!6&!+0B&0(%!B,BB,4(&%!#0B,4*&%!%0(&K'(4B,*+!/0!
*/*!1&!()8&'+&0(!N!,8+4:4+)!+?(/%4*&!R4*,%&!&(3V@YE!;(3V@Y!&%+!0*!()8&'+&0(!+(,*%B&B3(,*,4(&!%,*%!
145,*6!64(&8+!8/**0!I04!&%+!'()%&*+!%/0%!J/(B&!6C#/B/64B$(&%!/0!6C#)+)(/64B$(&%!J/(B)%!,:&8!1C0*!
6&%!,0+(&%!()8&'+&0(%!6&! 1,! J,B411&!&(3V! a&(3V@f=!&(3V@]!/0!&(3V@cb! aT,1:&U@G/*+(&(,%!0#!*9b=!Ygf]}!
~,(6&*!&+!24*&%=!YgfYbE!>C,8+4:,+4/*!60!64B$(&!6&!()8&'+&0(%!'(/:/I0&!1&0(!+(,*%'#/%'#/(?1,+4/*!&+!
1,! %+4B01,+4/*! 6&! '10%4&0(%! :/4&%! 6&! %45*,14%,+4/*! 4*+(,8&1101,4(&%=! +&11&%! 2M][^Q["^B"dH=!
HQ.^HQ_^L;[^'cY^cc! LQ2[=! 2>Gw^2[G! &+! .(8! a_450(&! ]Xb! aQ(+&,5,! &+! ;*5&1B,*=! Ygfc}! T,1:&U@
G/*+(&(,%! 0#! *9b=! Ygf]bE! >C&*%&B31&! 6&! 8&%! :/4&%! 6&! %45*,14%,+4/*! 8/*+(O1&*+! 64:&(%! '(/8&%%0%!
8&1101,4(&%!8/BB&!1,!64:4%4/*=!1,!'(/14J)(,+4/*=!1,!B45(,+4/*=!1,!%0(:4&=!1C,6#)%4/*!&+!1,!64JJ)(&*84,+4/*=!
,4*%4!I0&!1&!B)+,3/14%B&!a<40!0#!*9b=!Yggo}!~,(6&*!&+!.14ZR/Z%R4=!YggfbE!!
!
^;MA:F!l2Q!Y:;>D;N9<FJ!IC;FJ!GF!J;M>9<;J9E;C>!9DE;IKFJ!N9:!F:L-[?Z!
>C#/B/6/B)(4%,+4/*!/0!1C#)+)(/64B)(4%,+4/*!6&!&(3V@Y!,:&8!6C,0+(&%!()8&'+&0(%!6&!1,!J,B411&!
&(3V! a&(3V@f=! &(3V@]! /0! &(3V@cb! ,8+4:&! 1&%! 6/B,4*&%! +?(/%4*&! R4*,%&=! &*+(,4*,*+! 0*&!
'#/%'#/(?1,+4/*!8(/4%)&!6&%!()8&'+&0(%E!G&%!'#/%'#/(?1,+4/*%!8()&*+!6&%!%4+&%!6C,*8(,5&!'/0(!
64:&(%&%!'(/+)4*&%=!'&(B&++,*+!,4*%4!1C,8+4:,+4/*!6&!'10%4&0(%!:/4&%!6&!%45*,14%,+4/*!8/*+(O1,*+!
6&%! J/*8+4/*%! 8&1101,4(&%! 8/BB&! 1,! B45(,+4/*=! 1,! '(/14J)(,+4/*=! 1,! %0(:4&! &+! 1&! B)+,3/14%B&E!
L/64J4)!6&!T,1:&U@G/*+(&(,%!0#!*9b!aYgf]bE!
ErbB-2 
P P 
Membrane plasmique 
PI3K 
AKT 
mTOR 
p70S6K 
Src 
FAK 
PLCγ 
PKC 
p42/44 MAPK 
SHC 
GRB2 
SOS 
MEK 
Raf 
Ras 
Migration 
Survie 
Prolifération 
Métabolisme 
GTP 
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;*:4(/*! Yg! N! Y`! 6&%! +0B&0(%! B,BB,4(&%! %/*+! 8,(,8+)(4%)&%! ',(! 0*&! %0(&K'(&%%4/*! 6&!
&(3V@Y=! 8/*%)I0&*8&!6C0*&!,B'14J48,+4/*!60!5$*&!;HVVY=!&*+(,4*,*+!0*&!,8+4:,+4/*!8/*%+4+0+4:&!&+!
,3&((,*+&! 6&! '10%4&0(%! :/4&%! 6&! %45*,14%,+4/*! aL/*+&B0((/! &+! .8,1+(4+4=! YgfcbE! G&%! +0B&0(%=! 64+&%!
;HVVYs=!%/*+!J()I0&BB&*+!,%%/84)&%!N!0*&!()%4%+,*8&!,0K!&JJ&+%!,*+4'(/14J)(,+4J%!6&!1CQH!a",(4!0#!*9b=!
YggYbE!7&!'10%=!1C)I04'&!,!B/*+()!I0&!6,*%!6&%!145*)&%!8&1101,4(&%!6)(4:)&%!6&!+0B&0(%!B,BB,4(&%!
#0B,4*&%!;HVVYs=! 1,!:/4&!6&! 1,!LQ2[!*C&%+!',%!,8+4:)&!',(! 1CQH!a24%R0*/:!&+!H/8#&++&@;51?=!YgfYb=!
%055)(,*+!I0&!1,!6)()501,+4/*!6&%!:/4&%!6&!%45*,14%,+4/*!,0(,4+!0*!4B',8+!%0(!1,!%45*,14%,+4/*!6&!1CQHE!
G&'&*6,*+=!1/(%!B/*!,((4:)&!6,*%!1&!1,3/(,+/4(&=!8&%!8/*%)I0&*8&%!6&B&0(,4&*+!N!8,(,8+)(4%&(E!!
AC,4!6/*8!&*+(&'(4%!6C):,10&(!1C4B',8+!6&!1,!6)()501,+4/*!6&%!:/4&%!6&!'#/%'#/(?1,+4/*!%0(!4b!
1&!'#/%'#/'(/+)/B&!51/3,1! 44b! 1,!'#/%'#/(?1,+4/*!6&!HQHh! 444b! 1,! +(,*%8(4'+4/*!6&%! 5$*&%! 8431&%!6&!
HQHh! &+! 4:b! 1,! 6)5(,6,+4/*! 6&! HQHhE! |! 8&++&! J4*=! DC,4! 0+414%)! &+! 8/B',()! 6&%! 145*)&%! 6&! 8&1101&%!
6)(4:)&%! 6&! +0B&0(%! B,BB,4(&%! #0B,4*&%! ;HVVY@! f! aLG_jb! &+! ;HVVYs! aV"cjcb=! I04! &K'(4B&*+!
+/0+&%!6&0K!HQHh!N!0*!*4:&,0!%4B41,4(&E!!
$Z ,#,]e(&!Y'.)*.0$g"&!+&(!Y'.5&(("(!+&!YW.(YW.'e],)$.#!'*/"]*(!Y,'!]S,'!
&)!+&!]&"'!+*'*/"],)$.#!+,#(!]&(!5&]]"]&(!&'--?_!UY"-]$5,)$.#!?V!
QJ4*! 6C):,10&(! 1&%! 8/*%)I0&*8&%! 6&! 1,! %45*,14%,+4/*! ,3&((,*+&! 6&%! 8&1101&%! ;HVVYs! %0(! 1&%!
'(/8&%%0%!6&!'#/%'#/(?1,+4/*!QH@6)'&*6,*+%=! DC,4!&JJ&8+0)! 1,!'(&B4$(&!,*,1?%&!6&!8&%!'(/8&%%0%!N!
1C)8#&11&! '(/+)/B4I0&! ',(! L.! *,*/@>G@>"k@d(34+(,'E! AC,4! ,4*%4! 8/B',()! 1&! '(/+)/B&! &+! 1&!
'#/%'#/'(/+)/B&!N!1C)+,+!3,%,1!&+!&*!()'/*%&!N!1CQH!6,*%!1&%!8&1101&%!LG_j!&+!V"cjc!a:/4(!1&!%8#)B,!
4110%+(,*+!1&!6&%45*!&K')(4B&*+,1!6,*%!1,!203148,+4/*!Y=!_450(&!fQbE!G&%!8&1101&%!/*+!)+)!%/0B4%&%!N!0*!
+(,4+&B&*+! 8/0(+! ',(! 1CQH! a]g! B4*0+&%b! @! 1&%! &JJ&+%! */*@5)*/B4I0&%! 6&! 1CQH! )+,*+! (,'46&%! @! '04%!
J(,8+4/**)&%! %/0%! J/(B&! 6C&K+(,4+%! 8?+/%/14I0&%! &+! *081),4(&%E! >&%! '(/+)4*&%! *&! '/0:,*+! i+(&!
,*,1?%)&%! ',(! L.! %/0%! 1&0(! J/(B&! 4*+,8+&! &*! (,4%/*! 6&! 1&0(! B,%%&! B/1)801,4(&! +(/'! )1&:)&=! 6&%!
645&%+4/*%! '(/+)4I0&%! a6)8(4+&%! '10%! 1/4*b! /*+! )+)! *)8&%%,4(&%! ,J4*! 6&! 5)*)(&(! 6&%! '&'+46&%! 6C0*&!
B,%%&!,''(/'(4)&!N! 1,!6)+&8+4/*=! 8C&%+@N@64(&!&*:4(/*!`gg@]ggg!7,1+/*%E!9*&! J(,8+4/*!6&%!'&'+46&%!
5)*)()%!,!)+)!0+414%)&!'/0(!1C,*,1?%&!60!'(/+)/B&!51/3,1=!'04%!1,!J(,8+4/*!(&%+,*+&!,!%&(:4!N!1C,*,1?%&!
60!'#/%'#/'(/+)/B&E!!
2/0(! 1C&*%&B31&! 6&! 8&%! ,*,1?%&%=! %&01&%! 1&%! '(/+)4*&%! 6)+&8+)&%! ,:&8! &+! %,*%! QH! /*+! )+)!
8/*%46)()&%E! ;*! &JJ&+=! 41! %&B31&! '&0! '(/3,31&! I0&! 1CQH! 4*604%&! 6&%! 8#,*5&B&*+%! 6,*%! 1&! *4:&,0!
'(/+)4I0&! &*! %&01&B&*+! ]g! B4*0+&%E! >&%! '(/+)4*&%! 6)+&8+)&%! 6,*%! %&01&B&*+! 0*&! 6&%! 6&0K!
8/*64+4/*%=! 5)*)(,1&B&*+! '()%&*+&%! &*! I0,*+4+)%! N! 1,! 14B4+&! 60! %&041! 6&! 6)+&8+4/*! aJ4K)! N! Y! 2.L!
a(0(#340!/(02#8:?!?*#26b=!/*+!6/*8!)+)!)14B4*)&%E!!
f
!>&!+&(B&!;HVVY@!()J$(&!,0K!+0B&0(%!%,*%!,B'14J48,+4/*!60!5$*&!;HVVY=!&+!6/*8!*&!%0(&K'(4B,*+!',%!1,!'(/+)4*&!
&(3V@YE!
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$Z$Z Y:CEKCOF!M<CL9<!
2/0(!8#,I0&!)8#,*+411/*=!0*&!I0,*+4+)!)5,1&!6&!'(/+)4*&%!,!)+)!'()1&:)&!&+!645)()&!,:&8!1,!
+(?'%4*&=!0*&!&*6/'(/+)4*,%&!#?6(/1?%,*+!1&%!14,4%/*%!'&'+464I0&%!&*!G@+&(B4*,1!6&%!()%460%!1?%4*&!/0!
,(54*4*&E!>,!+(?'%4*&!&%+!1C&*U?B&!1,!'10%!8/0(,BB&*+!0+414%)&!&*!L.!'04%I0C&11&!5)*$(&!6&%!'&'+46&%!
6/*+!1,!B,%%&!B/?&**&!%&!%4+0&!6,*%!1C4*+&(:,11&!6&!6)+&8+,3414+)!aF,*6&(B,(14&(&!0#!*9b=!Ygf]bE!2/0(!
0*&! B&411&0(&! &JJ48,84+)! 6&! 645&%+4/*=! DC,4! 8/B34*)! 1,! +(?'%4*&! ,:&8! 1,! >?%@G=! 0*&! ,0+(&! &*U?B&!
8/0',*+!&*!G@+&(B4*,1!6&%!1?%4*&%E!
"/0+!6C,3/(6=!1C,*,1?%&!60!'(/+)/B&!,!():)1)!6&%!64JJ)(&*8&%!6,*%!1C&K'(&%%4/*!6&!8&(+,4*&%!
'(/+)4*&%! &*+(&! 1&%! 6&0K! 145*)&%E! ;*! &JJ&+=! '/0(! 0*! 8/B',(+4B&*+! 8&1101,4(&! 6/**)=! Yg! N! Y`! 6&%!
'(/+)4*&%!6)+&8+)&%!6,*%!0*&!145*)&!8&1101,4(&!*&!1C)+,4&*+!',%!6,*%!1C,0+(&!a203148,+4/*!Y=!_450(&!cQbE!
G&++&!64JJ)(&*8&!'/0((,4+!%C&K'14I0&(!',(!6&%!:,(4,+4/*%!,0!*4:&,0!6&!1,!+(,*%8(4'+4/*!6&%!5$*&%!&*+(&!
1&%!6&0K! 145*)&%! a:/4(! .&8+4/*! MMEMbE! ;*!&JJ&+=! 0*&!,*,1?%&! ()8&*+&!6&! 1C&K'(&%%4/*!51/3,1&!6&%! 5$*&%!
8#&U! 1&%! B,BB4J$(&%! ,! B/*+()! I0C&*:4(/*! cg! 6&%! :,(4,+4/*%! 6&%! *4:&,0K! '(/+)4I0&%! %/*+!
64(&8+&B&*+! ,++(430,31&%! N! 6&%! :,(4,+4/*%! 6&%! *4:&,0K! 6CQH<! B&%%,5&(%! a.8#Z,*#,0%%&(! 0#! *9b=!
YgffbE! T)*)(,1&B&*+=! 1&%! *4:&,0K! 6CQH<! B&%%,5&(%! %/*+! 64(&8+&B&*+! 14)%! N! 1&0(! +,0K! 6&!
+(,*%8(4'+4/*=! '10+O+! I0CN! 6C,0+(&%! J,8+&0(%! 8/BB&! 1&0(! %+,3414+)! a.8#Z,*#,0%%&(! 0#! *9b=! YgffbE! >&!
*4:&,0!6&!+(,*%8(4'+4/*!,!6/*8!J()I0&BB&*+!0*!4B',8+!64(&8+!%0(!1&!*4:&,0!6C&K'(&%%4/*!'(/+)4I0&E!
>,!%45*,14%,+4/*!6&!&(3V@Y!D/0,*+!0*!(O1&!4B'/(+,*+!6,*%!1&!8/*+(O1&!6&!1,!+(,*%8(4'+4/*!&*!5)*)(,1=!41!
&%+!'(/3,31&!I0&!1&%!64JJ)(&*8&%!6C&K'(&%%4/*!6&!'10%4&0(%!'(/+)4*&%!()%01+&*+!6&!1,!6)()501,+4/*!6&!
1C&K'(&%%4/*!60!5$*&!I04!1&0(!&%+!,%%/84)!aQB4*!0#!*9b=!Yggc}!Q(4,U4!0#!*9b=!Yggj}!>&!0#!*9b=!YggjbE!!
G&'&*6,*+=!/*!*&!'&0+!&K810(&!0*!4B',8+!6&!1,!%0(&K'(&%%4/*!6&!&(3V@Y!%0(!1,!()501,+4/*!6&!
1,!%?*+#$%&!'(/+)4I0&E!;*!&JJ&+=! 1&%!:/4&%!6&!%45*,14%,+4/*!HQ.=!LQ2[=!2M][^Q["!&+!2[G=!',(+484'&*+!
*/*!%&01&B&*+!N!1,!()501,+4/*!6&!1,!+(,*%8(4'+4/*=!B,4%!)5,1&B&*+!N!1,!()501,+4/*!6&!1,!+(,608+4/*!73*!
1,! '#/%'#/(?1,+4/*! 6&%! J,8+&0(%! 6&! +(,608+4/*! /0! 6&%! '(/+)4*&%! (43/%/B,1&%=! 6&!BiB&! I0&! 73*! 1,!
B/601,+4/*!6&!1,!%+,3414+)!6&%!QH<B!aT(UB41!&+!W&BB4*5%=!YgfY}!2(/06=!YggjbE!!
;*!8/*810%4/*=!41!&%+!'(/3,31&!I0C0*&!%45*,14%,+4/*!,3&((,*+&!+&11&!I0&!8&11&!&*5&*6()&!',(!1,!
%0(&K'(&%%4/*!6&!&(3V@Y!,4+!6&%!()'&(80%%4/*%!%0(! 1&!*4:&,0!6C&K'(&%%4/*!6&!8&(+,4*&%!'(/+)4*&%!&*!
,JJ&8+,*+!1,!+(,*%8(4'+4/*!6&%!5$*&%!8/((&%'/*6,*+%!&+^/0!1,!+(,608+4/*!6&%!QH<BE!
$Z$$Z YPCJNPCN:CEKCOF!!
;*%04+&=! D&!B&!%04%! 4*+)(&%%)&!,0!'#/%'#/'(/+)/B&E!>,!6)+&8+4/*!6&%!'#/%'#/(?1,+4/*%!&%+!
'10%!6)148,+&!&+=!N!8&!+4+(&=!8&(+,4*&%!B/64J48,+4/*%!&K')(4B&*+,1&%!/*+!)+)!*)8&%%,4(&%!a203148,+4/*!Y=!
_450(&!fQbE!!
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G/*+(,4(&B&*+!N! 1C,*,1?%&!60!'(/+)/B&!'/0(! 1,I0&11&!0*&!%&01&!%)I0&*8&!'&'+464I0&!%0JJ4+!
5)*)(,1&B&*+!'/0(!46&*+4J4&(!0*&!'(/+)4*&=!1C,*,1?%&!60!'#/%'#/'(/+)/B&!*)8&%%4+&!0*&!8/0:&(+0(&!
6&!%)I0&*8&!B,K4B,1&E!;*!J/*8+4/*!6&%!%4+&%!6&!8/0'0(&%!I04!104!%/*+!,%%/84)%=!0*&!&*U?B&!6/**)&!
5)*$(&!'/0(!0*&!8&(+,4*&!'(/+)4*&!0*&!',*/'14&!6&!'&'+46&%!6&!64JJ)(&*+&%!B,%%&%=!6/*+!%&01%!8&0K!
,?,*+!0*&!B,%%&!8/B'(4%&!6,*%! 1C4*+&(:,11&!6&!6)+&8+,3414+)!'/0((/*+!i+(&!,*,1?%)%E!>,!%/BB&!6&%!
'/(+4/*%!6)+&8+,31&%!6&!1,!%)I0&*8&!'(/+)4I0&!5)*)()&%!',(!1,!645&%+4/*!(&'()%&*+&!1,!8/0:&(+0(&!6&!
%)I0&*8&E! 210%! 8&++&! 8/0:&(+0(&! 6&! %)I0&*8&! &%+! )1&:)&=! '10%! 1,! '(/3,3414+)! I0C0*! %4+&! 6&!
'#/%'#/(?1,+4/*!6/**)!&*!J,%%&!',(+4&!&+!%/4+! 46&*+4J4)!&%+!)1&:)&E!QJ4*!6&!B,K4B4%&(! 1,!8/0:&(+0(&!
6&!%)I0&*8&!6&!1C&*%&B31&!6&%!'(/+)4*&%=!DC,4!6/*8!&JJ&8+0)!6&0K!645&%+4/*%!'&'+464I0&%!&*!',(,11$1&!
%0(! +/0%! 1&%! )8#,*+411/*%! 6&%+4*)%! N! 1C,*,1?%&! '#/%'#/'(/+)/B4I0&-! 0*&! ,:&8! 1,! 8/B34*,4%/*!
+(?'%4*&^>?%@G! &+! 0*&! ,:&8! 1,! 8#?B/+(?'%4*&=! I04! 8/0'&! &*! G@+&(B4*,1! 6&%! ,846&%! ,B4*)%!
,(/B,+4I0&%!a"?(=!"('=!2#&b!/0!#?6(/'#/3&%!a>&0bE!>C,*,1?%&!,!)+)!&JJ&8+0)&!%0(!1,!8/B34*,4%/*!6&%!
D&0K!6&!6/**)&%!/3+&*0%!'/0(!1&%!6&0K!645&%+4/*%E!!
7&!'10%=!1&%!'#/%'#/(?1,+4/*%!%/*+!6&%!B/64J48,+4/*%!6&!+($%!J,431&!%+/&8#4/B&+(4&E!;*!&JJ&+=!
8&(+,4*%!,0+&0(%!&%+4B&*+!I0&!1&%!J/(B&%!'#/%'#/(?1)&%!(&'()%&*+&*+!&*!B/?&**&!g=`!!60!8/*+&*0!
+/+,1!6C0*&!'(/+)4*&!6/**)&!a"&B'/(4*4!0#!*9b=!YggobE!>,!B4%&!,0!'/4*+!&+!1C0+414%,+4/*!6&!+&8#*4I0&%!
6C&*(48#4%%&B&*+! 6&%! '#/%'#/'&'+46&%! ,! 6/*8! )+)! *)8&%%,4(&! '/0(! /'+4B4%&(! 1&0(! 6)+&8+4/*E! ;*!
&JJ&+=! 1C&*(48#4%%&B&*+! ',(! MLQG! ,! '&(B4%! 6&! 6)+&8+&(! &*:4(/*! I0,+(&! J/4%! '10%! 6&! '(/+)4*&%!
'#/%'#/(?1)&%!I0C,:,*+!&*(48#4%%&B&*+E!!
$Z$$Z$Z YPCJNPCN:CEKCOF!p!<SKE9E!L9J9<!
>&%! ()%01+,+%!/3+&*0%!B/*+(&*+!6&!*/B3(&0%&%!64JJ)(&*8&%!&*+(&! 1&%!6&0K! 145*)&%!I04! %/*+!
6)+,411)&%!6,*%!1,!203148,+4/*!YE!7&!J,y/*!,++&*60&=!1,!'(/+)4*&!&(3V@Y!,!)+)!6)+&8+)&!%/0%!%,!J/(B&!
'#/%'#/(?1)&!,:&8!&*:4(/*!jg!J/4%!'10%!6&!2.L!6,*%!1&%!V"cjc!I0&!6,*%!1&%!LG_jE!!
G&'&*6,*+=! 6&! J,y/*! %0('(&*,*+&=! 1&! */B3(&! 6&! '(/+)4*&%! '#/%'#/(?1)&%=! 6&!
'#/%'#/'&'+46&%!&+!6&!%4+&%!6&!'#/%'#/(?1,+4/*!N! 1C)+,+!3,%,1!&%+! 4*J)(4&0(!6C&*:4(/*!f]!6,*%! 1&%!
8&1101&%!V"cjc!8/B',(,+4:&B&*+!,0K!LG_j!a203148,+4/*!Y=!_450(&%!YQ=!YV!&+!cVbE!>,!%0(,8+4:,+4:,+4/*!
6&%!:/4&%!6&!%45*,14%,+4/*!&*!,:,1!6&!&(3V@Y!*&!%&B31&!6/*8!',%!()%01+&(!&*!0*&!,05B&*+,+4/*!60!
*4:&,0!51/3,1!6&!'#/%'#/(?1,+4/*=!B,4%!'10+O+!&*!0*&!64B4*0+4/*E!V4&*!I0&!8&!()%01+,+!%/4+!I0&1I0&!
'&0!8/*+(&@4*+04+4J=!41!&K4%+&!8&(+,4*&%!'4%+&%!6C&K'148,+4/*%!'/%%431&%E!!
7C0*&! ',(+=! 41! &%+! '/%%431&! I0&! 8&(+,4*&%! 6&%! R4*,%&%! %0(,8+4:)&%! 6,*%! 1&%! 8&1101&%! ;HVVYs!
',(+484'&*+! ,0! B,4*+4&*! 6&! '#/%'#/(?1,+4/*%! 4*#434+(48&%! 31/I0,*+! 1C,8+4:4+)! 6C,0+(&%! R4*,%&%!
aH/%R/%R4=!Ygg`bE!M1!&%+!6/*8!'/%%431&!I0&!8&(+,4*&%!R4*,%&%!%034%%&*+!0*&!#?'&('#/%'#/(?1,+4/*!%0(!
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6&!+&1%!%4+&%!&+!I0&!8&1,!4*#43&!1&0(!,8+4:4+)=!()604%,*+!1&!6&5()!6&!'#/%'#/(?1,+4/*!6&!1C&*%&B31&!6&!
1&0(%!8431&%E!!
7&! '10%=! 1,! ()501,+4/*! 6&%! :/4&%! 6&! %45*,14%,+4/*! (&'/%&! %0(! 1C,8+4/*! 8//(6/**)&! */*!
%&01&B&*+!6&%!R4*,%&%=!B,4%!)5,1&B&*+!6&%!'#/%'#,+,%&%!a"/*R%=!YggXbE!;*!&JJ&+=!1&%!R4*,%&%!&+!1&%!
'#/%'#,+,%&%!,54%%&*+!6&!J,y/*!8/B'1)B&*+,4(&-! 1&%!R4*,%&%!8/*+(O1&*+!'(4*84',1&B&*+!1C,B'14+06&!
6&!1,!()'/*%&!6&!%45*,14%,+4/*=!,1/(%!I0&!1&%!'#/%'#,+,%&%!()501&*+!'10+O+!1,!(,'464+)!&+!1,!60()&!6&!1,!
()'/*%&! aW&4*(48#! 0#! *9b=! YggY}! W/(*3&(5! 0#! *9b=! Ygg`bE! d(=! 8/BB&! '/0(! 1&%! R4*,%&%=! 1C,8+4:4+)! 6&%!
'#/%'#,+,%&%!&%+!%/0:&*+!()501)&!',(!1,!'#/%'#/(?1,+4/*=!%/4+!73*!1&0(!'(/'(&!'#/%'#/(?1,+4/*=!%/4+!
73*! 1,!'#/%'#/(?1,+4/*!6&%!'(/+)4*&%! ()501,*+! 1&0(! ,8+4:4+)! a;+/=! Ygg\}! .&%#,8#,(?010! 0#! *9b=! Ygf]bE!
7,*%!8&(+,4*%!8,%=!1,!'#/%'#/(?1,+4/*!6&%!'#/%'#,+,%&%!,05B&*+&!1&0(!,8+4:4+)!aF/5&1!0#!*9b=!f\\]bE!M1!
&%+!6/*8!'/%%431&!I0&!8&(+,4*&%!'#/%'#,+,%&%!%/4&*+!%0(,8+4:)&%!6,*%!1&%!V"cjc!&+!I0&!8&1,!()604%&!
6,:,*+,5&!1&!*4:&,0!51/3,1!6&!'#/%'#/(?1,+4/*E!!
>C#/B)/%+,%4&!60!'#/%'#/'(/+)/B&!(&'/%&!6/*8!%0(!0*!)I04143(&!&*+(&!1C,8+4/*!6&%!R4*,%&%!
&+!6&%!'#/%'#,+,%&%!aW/&R%+(,!0#!*9b=!YgfYbE!|!8&!+4+(&=!41!&%+!4*+)(&%%,*+!6&!*/+&(!I0C0*!6)%)I04143(&!
&*+(&! 1&%! J/*8+4/*%!R4*,%&%!&+!'#/%'#,+,%&%!,!)+)!,%%/84)!N!'10%4&0(%!B,*4J&%+,+4/*%!',+#/1/54I0&%!
4*810,*+!1&%!8,*8&(%!ad%+B,*!0#!*9b=!YggXbE!>&!8,%!6&!8&1101&%!8,*8)(&0%&%!;HVVYs!8/BB&!1&%!V"cjc!
%&B31&!i+(&!0*!3/*!&K&B'1&!6&!1,!'&(+0(3,+4/*!6&!8&+!)I04143(&E!
$Z$$Z$$Z YPCJNPCN:CEKCOF!F>!:KNC>JF!p!<S,'!
7&! J,y/*! 4*+)(&%%,*+&=! 1&%! ,*,1?%&%! /*+! ():)1)! I0&! 1CQH! ,! &0! 0*! 4B',8+! 64JJ)(&*+! %0(! 1&!
*/B3(&!51/3,1!6&!'#/%'#/'(/+)4*&%!&*+(&! 1&%!6&0K! 145*)&%E!7,*%! 1&%!LG_j=! 1CQH!*C,!',%!3&,08/0'!
B/64J4)! 1&! */B3(&! 6&! '#/%'#/'(/+)4*&%! 8?+/%/14I0&%=! B,4%! ,! 64B4*0)! 6&! Yg! 1&! */B3(&! 6&!
'#/%'#/'(/+)4*&%!*081),4(&%!a203148,+4/*!Y=!_450(&%!YQ=!YV!&+!cGbE!G&'&*6,*+=!6,*%!1&%!V"cjc=!1CQH!,!
4*604+!0*&!,05B&*+,+4/*!60!*/B3(&!6&!'#/%'#/'(/+)4*&%!6C&*:4(/*!Yg!N!1,!J/4%!6,*%!1&!8?+/%/1!&+!
6,*%!1&!*/?,0!a203148,+4/*!Y=!_450(&%!YQ=!YV!&+!cGbE!!
7,*%!1&%!LG_j=!1CQH!,!,05B&*+)!1&!*4:&,0!6&!'#/%'#/(?1,+4/*!6&!8&(+,4*%!,8+&0(%!6&%!:/4&%!
6&!%45*,14%,+4/*!6&%!R4*,%&%=!8/*J4(B,*+!I0&! 1CQH!,8+4:&!6&%!8,%8,6&%!6&!R4*,%&%E!2,(!&K&B'1&=! 1CQH!
,05B&*+&! 1,!'#/%'#/(?1,+4/*!6&!2Q[Y!,0!*4:&,0!60! ()%460!.fcf=!0*&!B/64J48,+4/*!,%%/84)&!N!0*&!
,05B&*+,+4/*!6&! %/*!,8+4:4+)! a203148,+4/*!Y=! ",31&,0!fb! aP#,*! 0#! *9b=! Ygg]bE! 2Q[Y!&%+!0*!&JJ&8+&0(!
,54%%,*+!&*!,:,1!6&%!'&+4+&%!T"2,%&%!&+!,8+4:,*+!1,!:/4&!6&%!LQ2[!aL&*5&%!0#!*9b=!YgfYb=!8/*J4(B,*+!
1&!()%01+,+!6&!+(,:,0K!&JJ&8+0)%!,*+)(4&0(&B&*+!,0!1,3/(,+/4(&!,?,*+!B/*+()!I0&!1CQH!,8+4:&!1,!:/4&!
6&%!LQ2[!6,*%!8&%!8&1101&%!aV(08R!0#!*9b=!Ygg\}!24%R0*/:!&+!H/8#&++&@;51?=!YgfYbE!2,(!8/*+(&=!6,*%!1&%!
V"cjc=! 1CQH!*C,!',%!&0!6C&JJ&+%! %0(! 1&!*4:&,0!6&!'#/%'#/(?1,+4/*!6&%!,8+&0(%!6&! 1,!:/4&!6&%!LQ2[=!
B,4%!&*!,!,8+4:)!6C,0+(&%!8/BB&!8&11&!6CQR+=!I04!31/I0&! 1,!:/4&!6&%!LQ2[! aG,((,8&6/!&+!2,*6/1J4=!
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Yggo}! P4BB&(B,**! &+! L/&114*5=! f\\\bE! G&! ()%01+,+! &%+! 8/#)(&*+! ,:&8! 1&%! +(,:,0K! 60! 1,3/(,+/4(&!
,?,*+! B/*+()! I0&! 1C,8+4:,+4/*! 6&! 1,! ']oLQ2[! ',(! 1CQH! &%+! 31/I0)&! 6,*%! 1&%! V"cjc! a24%R0*/:! &+!
H/8#&++&@;51?=!YgfYbE!!
7&!J,y/*!4*+)(&%%,*+&=!1&!*4:&,0!6&!'#/%'#/(?1,+4/*!6&!'10%4&0(%!'(/+)4*&%!4B'14I0)&%!6,*%!
1&!B,4*+4&*!6&! 1,!8#(/B,+4*&!6,*%!0*!)+,+!()'(&%%4J!,!,05B&*+)!&*!()'/*%&!N! 1CQH!6,*%! 1&%!V"cjc=!
B,4%!*/*!6,*%! 1&%!LG_jE!2,(!&K&B'1&=! 1,!'#/%'#/(?1,+4/*!6&!W7QGf!,0!*4:&,0!6&!.cYf!&+!.cY]!&+!
W7QGY!,0!*4:&,0!6&!.cYY!&+!.cYc!,05B&*+&!%04+&!,0!+(,4+&B&*+!N!1CQH!6,*%!1&%!V"cjc!&+!*/*!6,*%!
1&%!LG_j!a203148,+4/*!Y=!",31&,0!YbE!d(=!8&%!'#/%'#/(?1,+4/*%!/*+!,%%/84)&%!N!0*&!,05B&*+,+4/*!6&!
1C,8+4:4+)!()'(&%%4:&!6&!W7QGf!&+!W7QGY!a7&180:&!0#!*9b=!YgfY}!.&5(&!&+!G#4/88,=!YgffbE!!
$Z$$Z$$$Z !];O;E9E;C>J!GF!<9!EFDP>;RAF!
G&(+,4*%!'/4*+%!14B4+&*+!8&'&*6,*+!1C4*+&('()+,+4/*!6&!8&%!()%01+,+%-!!
• >C,*,1?%&!6&%!6/**)&%!&%+!3,%)&!%0(! 1&!*/B3(&!6&!2.L=!I04!8/((&%'/*6!,0!*/B3(&!6&!J/4%!
I0C0*!'&'+46&!6/**)!&%+!6)+&8+)E!d(=!8&!*/B3(&!*&!'&(B&+!',%!6&!8/B',(&(!1C,3/*6,*8&!/0!
1&!*4:&,0!6&!'#/%'#/(?1,+4/*!6&!'(/+)4*&%!64JJ)(&*+&%!&*+(&!&11&%E!;*!&JJ&+=!1,!1/*50&0(!6C0*&!
'(/+)4*&! &+! %,! 8/0:&(+0(&! 6&! %)I0&*8&! ,%%/84)&! N! 0*&! &*U?B&! 6&! 645&%+4/*! 6/**)&! %/*+!
,0+,*+! 6&! J,8+&0(%! :,(4,*+! 6C0*&! '(/+)4*&! N! 1C,0+(&! &+! '/0:,*+! 5(,*6&B&*+! 4*J10&(! %0(! 1&!
*/B3(&! 6&! 2.L! 6)+&8+)%E! Q4*%4=! 6&0K! '(/+)4*&%! 6C,3/*6,*8&! )5,1&! 6,*%! 0*! )8#,*+411/*!
'&0:&*+! i+(&! 6)+&8+)&%! ,:&8! 0*! */B3(&! 6&! 2.L! +($%! 64JJ)(&*+E! 7&! 8&! J,4+=! ,:&8! 8&++&!
B)+#/6&!6C,*,1?%&=! 1&%!8/B',(,4%/*%!6/4:&*+! %&! 14B4+&(!,0K!2.L!/3+&*0%!'/0(!0*&!BiB&!
'(/+)4*&E!L,15()! 8&1,=! 8&(+,4*%!34,4%!'&0:&*+!i+(&! 4*604+%!',%! 1,!'()%&*8&!6&!B/64J48,+4/*%!
'/%+@+(,608+4/**&11&%!'/0:,*+!4*#43&(!1&!814:,5&!&*U?B,+4I0&E!2,(!&K&B'1&=!6,*%!1&!8,%!6&!1,!
+(?'%4*&=!1,!'()%&*8&!6C034I04+4*&%!%0(!0*!()%460!1?%4*&!&B'i8#&!1&!814:,5&!&*!G@+&(B4*,1!6&!
8&!()%460!a[4(R',+(48R!0#!*9b=!Ygg`bE!7&!'10%=! 1&!814:,5&!+(?'+4I0&!&%+!4*#43)!&*!'()%&*8&!6C0*!
()%460!.&(!/0!"#(!'#/%'#/(?1)! %4+0)!N!0*&!64%+,*8&!6&!0*!N! +(/4%!,846&%!,B4*)%!60! %4+&!6&!
814:,5&!aV/&#B!0#!*9b=!YgfY}!"#4&6&!0#!*9b=!Yggg}!e4*+&(!0#!*9b=!Ygg\bE!!
• >&%! 8/B',(,4%/*%! 6/4:&*+! i+(&! &JJ&8+0)&%! ,:&8! 0*&! 8&(+,4*&! '(06&*8&=! 8,(! 8&++&!B)+#/6&!
6C,*,1?%&!*C&%+!',%!N!'(/'(&B&*+!',(1&(!I0,*+4+,+4:&E!LiB&!%4! 1,!8/B',(,4%/*!6&%!*/B3(&!
6&! 2.L! ,''/(+&! 0*! 8&(+,4*! 6&5()! 6C4*J/(B,+4/*=! 8&(+,4*&%! B)+#/6&%! 6):&1/'')&%!
()8&BB&*+!&+!'&(B&++,*+!1,!I0,*+4J48,+4/*!6&%!B/64J48,+4/*%!'/%+@+(,608+4/**&11&%!,0(,4&*+!
'&(B4%! 0*&! ,*,1?%&! '10%! (45/0(&0%&! aG#,03&=! YgfcbE! G&11&%@84! 4*810&*+! */+,BB&*+! 4b! 6&%!
B)+#/6&%!6&!B,(I0,5&!B)+,3/14I0&!8/BB&!1&!.M>QG!a/#*=90!3/1#1(0!9*=093;$!='!*?3;1!*234/!
3;! 2099! 2:9#:80b=! 4B'14I0,*+! 1C4*8/('/(,+4/*! 3;! 7371! 6C,846&%! ,B4*)%! a>&0=! >?%=! Q(5b!B,(I0)%!
,:&8! 6&%! 4%/+/'&%! %+,31&%! a1)5&(%! /0! 1/0(6%b! ad*5! 0#! *9b=! YggYb=! 44b! 6&%! B,(I0,5&! '/%+@
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B)+,3/14I0&%!/0!8#4B4I0&%!8/BB&! 1&!"L"! a#*;40?!?*//! #*$b!/0! 1C4"HQk!a3/1=*832! #*$! >18!
809*#370! *;4! *=/19:#0! O:*;#3#*#31;b! &JJ&8+0)%! ',(! 1&! B,(I0,5&! 6&%! ,846&%! ,B4*)%! <@
+&(B4*,0K!,4*%4!I0&!6&%!1?%4*&%!6&%!'&'+46&%!aT,*!0#!*9b=!Yggj}!"#/B'%/*!0#!*9b=!Ygg]b!&+!444b!
6&%! B)+#/6&%! %,*%! B,(I0,5&! a9*=09! >800b! a<,#*%&*! 0#! *9b=! Ygf]bE! >&%! B)+#/6&%! ,:&8!
B,(I0,5&! '&(B&++&*+! 1,! 8/B34*,4%/*! 6&%! 64JJ)(&*+%! )8#,*+411/*%! ,:,*+! 1&0(! ,*,1?%&!
%4B01+,*)&=!()604%,*+!,4*%4!1&%!34,4%!14)%!N!1,!'()',(,+4/*!&+!N!1C4*D&8+4/*!6&%!)8#,*+411/*%E!;11&%!
/*+! 8&'&*6,*+! 8&(+,4*%! 6)%,:,*+,5&%=! 8/BB&! 1&0(! 8/{+! )1&:)! &+! 0*&! 8/0:&(+0(&!
'(/+)/B4I0&!5)*)(,1&B&*+!'10%!J,431&!60&!N!1,!%)1&8+4:4+)!60!B,(I0,5&!&+!N!6&%!64JJ)(&*8&%!
6,*%!%/*!&JJ48,84+)!aT//61&++!&+!~4=!Ygg]}!>411=!Ygg]bE!
• _4*,1&B&*+=! 41! &%+! 4B'/(+,*+! 6&! */+&(! I0&! B,15()! 1&0(! %&*%43414+)! N! 1CQH! &+! 1C,3%&*8&! 6&!
%0(&K'(&%%4/*!6&!&(3V@Y=!1&%!8&1101&%!LG_j!6&B&0(&*+!6&%!8&1101&%!8,*8)(&0%&%!&+=!N!8&!+4+(&=!
*&! '&0:&*+! i+(&! 8/*%46)()&%! 8/BB&! 0*! ()J)(&*+4&1! 6&! */(B,14+)E! d*! *&! '&0+! 6/*8! ',%!
&K810(&!I0&!8&(+,4*&%!6&%!'#/%'#/(?1,+4/*%!/3%&(:)&%!6,*%!8&%!8&1101&%!%/4&*+!',+#/1/54I0&%!
&+!()%01+&*+!6C,3&((,+4/*%!4*6)'&*6,*+&%!6&!&(3V@YE!7&!'10%=!1&%!8&1101&%!LG_j!&+!1&%!V"cjc!
*x)+,*+!',%! 4%/5)*4I0&%=! 1&%!64JJ)(&*8&%!/3%&(:)&%!6,*%!1&0(%!'#/%'#/'(/+)/B&%!(&%'&8+4J%!
*&! %/*+! ',%! J/(8)B&*+! ,++(430,31&%! N! 1&0(! 8,(,8+$(&! ;HVVY@! /0! ;HVVYsE! >x0+414%,+4/*! 6&!
145*)&%! 6&! 8&1101&%! 4%/5)*4I0&%=! 8/BB&! ',(! &K&B'1&! 1,! 8/B',(,4%/*! 6&! 8&1101&%! LG_j!
%0(&K'(4B,*+! /0! */*! &(3V@Y! 6&! J,y/*! %+,31&! /0! +(,*%4+/4(&=! ,0(,4+! '(/3,31&B&*+! J,8414+)!
1x4*+&('()+,+4/*!6&%!6/**)&%!N!8&!*4:&,0E!!
$Z$$$Z ,>9<=JF!GF!<SKE9E!GF!NPCJNPC:=<9E;C>!GF!','f!
>C,*,1?%&!'(/+)/B4I0&!&+!'#/%'#/'(/+)/B4I0&!51/3,1&!*C,!',%!'&(B4%!6&!6)+&8+&(!HQHhE!;*!
&JJ&+=! 1,! J,431&!,3/*6,*8&!6&%!HQH! (&'()%&*+&!0*!'(/31$B&!B,D&0(!N! 1&0(!,*,1?%&!',(!L.E!L,15()!
+/0%! 1&%! '(/5($%! +&8#*/1/54I0&%! ()8&*+%! ,?,*+! 5(,*6&B&*+! ,B)14/()! 1&%! 8,',84+)%! 6&! 6)+&8+4/*=! 41!
*C&*! 6&B&0(&! ',%! B/4*%! I0&! '/0(! i+(&! &JJ48,8&%=! 1&%! ,*,1?%&%! ',(! L.! 6/4:&*+! 46),1&B&*+! i+(&!
&JJ&8+0)&%! %0(! 6&%! )8#,*+411/*%! N! 8/B'1&K4+)! 14B4+)&E! ;*! &JJ&+=! 1C,*,1?%&! 6C)8#,*+411/*%! 8/B'1&K&%=!
8C&%+@N@64(&! 8/B'/%)%!6C0*&!5(,*6&!:,(4)+)!6&!'&'+46&%=! (&'()%&*+&!0*!/3%+,81&!N! 1,!6)+&8+4/*E! >&!
'(/31$B&!*&!(&1$:&!',%!+,*+!6C0*!B,*I0&!6&!%&*%43414+)!6&%!+&8#*/1/54&%!,8+0&11&%=!B,4%!'10+O+!60!
J,4+! I0&! 1,! 6)+&8+4/*! 6&%! '(/+)4*&%! N! J/(+&! ,3/*6,*8&! %&! J,4+! ,0! 6)+(4B&*+! 6&! 8&11&%! N! J,431&!
,3/*6,*8&!aV(&Z4%!&+!V(&**,*=!YgfgbE!d(=!1&!'(/+)/B&!6&%!B,BB4J$(&%!&%+!&K+(iB&B&*+!8/B'1&K&!
&+! 0*&! %&01&! 145*)&! 8&1101,4(&! &K'(4B&! 1&%! '(/+)4*&%! 4%%0&%! 6C&*:4(/*! fgggg! 5$*&%! aG#/06#,(?! &+!
L,**=! YgfgbE!7,*%! 8&! 8/*+&K+&=! 1C46&*+4J48,+4/*!6&%! '(/+)4*&%! 6&! J,431&! ,3/*6,*8&! &%+! ,0D/0(6C#04!
8/*%46)()&! 8/BB&! 1&! 6)J4! B,D&0(! 6&! 1,! '(/+)/B4I0&! aV(&Z4%! &+! V(&**,*=! YgfgbE! G&++&! 14B4+,+4/*!
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&*5&*6(&!1,!*)8&%%4+)!6C0*!&JJ/(+!%03%+,*+4&1!6,*%!1,!'()',(,+4/*!6&!1C)8#,*+411/*!,J4*!6C&*!()604(&!1,!
8/B'1&K4+)!aWE!e,*5!&+!W,*,%#=!Ygg`bE!
>C46&*+4J48,+4/*! 6&%! %4+&%! 6&! '#/%'#/(?1,+4/*! 6&! HQHh! ,! 6/*8! (&'()%&*+)! 0*! 6/031&! 6)J4!
+&8#*4I0&=!6C0*&!',(+=!6&!',(!1,!J,431&!,3/*6,*8&!6&!1,!'(/+)4*&!,0!*4:&,0!&*6/5$*&=!&+!6C,0+(&!',(+!
6&! ',(! 1,! +($%! J,431&! %+/&8#4/B&+(4&! 6&%! J/(B&%! '#/%'#/(?1)&%! &*! 5)*)(,1E! 2/0(! 8&%! (,4%/*%=! 1&%!
+&*+,+4:&%! 6C46&*+4J48,+4/*! 6&%! %4+&%! 6&! '#/%'#/(?1,+4/*! 6&! HQHh! ',(! L.! &JJ&8+0)&%! ,:,*+! B/*!
,((4:)&!,0!1,3/(,+/4(&!%&!%/*+!%/16)&%!',(!6&%!)8#&8%E!
QJ4*! 6&! 8/*+/0(*&(! 1&! '(/31$B&! 6&! 1,! J,431&! ,3/*6,*8&! 6&! HQHh=! DC,4! B4%! ,0! '/4*+! 6&%!
8/*64+4/*%!6C4BB0*/'()84'4+,+4/*!6&!HQHh!N!5(,*6&!)8#&11&E!2/0(!8&!J,4(&=!DC,4!6C,3/(6!B4%!,0!'/4*+!
6&%! 8/*64+4/*%!6&! 801+0(&! 8&1101,4(&!'&(B&++,*+! 1C,B'14J48,+4/*!6&! 5(,*6&%!I0,*+4+)%!6&! 8&1101&%! &*!
%0%'&*%4/*E!G&%!8/*64+4/*%!6C,B'14J48,+4/*!&*!%0%'&*%4/*!/*+!'10%4&0(%!,:,*+,5&%-!&11&%!'&(B&++&*+!
1C,B'14J48,+4/*!B,%%4:&!&+!#/B/5$*&!6C0*&!+($%!5(,*6&!I0,*+4+)!6&!8&1101&%!&+!%/*+!46),1&%!'/0(!6&%!
+(,4+&B&*+%! 8/0(+%! 8/BB&! 1&%! +(,4+&B&*+%! 6&! ]g! B4*0+&%! ,:&8! 1CQHE! ;*! &JJ&+=! 8&1,! 5,(,*+4+! 0*&!
0*4J/(B4+)!60!+(,4+&B&*+!&+!0*&!()8/1+&!6&%!8&1101&%!%4B01+,*)&!&+!(,'46&E!!
AC,4! ,0%%4! )1,3/()! 0*! '(/+/8/1&! 6C4BB0*/'()84'4+,+4/*! 6&! HQHh! &+! &*! ,4! /'+4B4%)! 8#,I0&!
)+,'&!&*!:0&!6C/3+&*4(!0*!(&*6&B&*+!/'+4B,1E!T(8&!N!8&%!/'+4B4%,+4/*%=!1&!*/0:&,0!'(/+/8/1&!I0&!
DC,4! B4%! ,0! '/4*+! '&(B&+! 0*! (&*6&B&*+! c! N! `! J/4%! %0')(4&0(! N! 8&104! 60! '(/+/8/1&! '()8)6&BB&*+!
0+414%)!,0! 1,3/(,+/4(&E! AC,4!)5,1&B&*+! 4*810%!6,*%!8&!'(/+/8/1&!'10%4&0(%!'()8,0+4/*%!*)8&%%,4(&%!,0!
B,4*+4&*! 6&%! '#/%'#/(?1,+4/*%=! I04! %/*+! 6&%! B/64J48,+4/*%! ',(J/4%! +($%! 4*%+,31&%! a'()%&*8&!
'&(B,*&*+&!6C4*#434+&0(%!6&!'#/%'#,+,%&%!N!#,0+&!6/%&=!8/*+(O1&!6&!1,!+&B')(,+0(&=!EEEbE!7&!'10%=!1,!
'()%&*8&!6&!'#/%'#/(?1,+4/*%!'/0:,*+!6,*%!8&(+,4*%!8,%!&B'i8#&(!1,!(&8/**,4%%,*8&!',(!1C,*+48/('%!
1/(%! 6&! 1C4BB0*/'()84'4+,+4/*=! DC,4! 8#/4%4! 6C0+414%&(! 0*! B)1,*5&! 6&! 6&0K! ,*+48/('%! B/*/81/*,0K!
8431,*+! 6&%! ()54/*%! 64JJ)(&*+&%! HQHh! a1&! <"7! &+! 1,! ()54/*! _b! ,J4*! 6C):4+&(! I0&! 8&(+,4*&%! J/(B&%!
'#/%'#/(?1)&%!*&!'04%%&*+!i+(&!4BB0*/'()84'4+)&%E!
T)*)(,1&B&*+=!1C,*,1?%&!6&%!'#/%'#/(?1,+4/*%!6C0*&!'(/+)4*&!,'($%!4BB0*/'()84'4+,+4/*!%&!
J,4+!73*!0*&!B45(,+4/*!6&!1C)10,+!%0(!5&1!6&!'/1?,8(?1,B46&!8/1/()!,0!31&0!6&!G//B,%4&!/0!,0!*4+(,+&!
6C,(5&*+!&+!N!',(+4(!60I0&1!1,!3,*6&!8/((&%'/*6,*+!N!1,!'(/+)4*&!6C4*+)(i+!&%+!1/8,14%)&!&+!6)8/0')&!
&*! :0&! 6&! 1,! 645&%+4/*! '(/+)4I0&! &+! 6&! 1C,*,1?%&! L.E! AC,4! 8&'&*6,*+! 8#/4%4! 6C0+414%&(! 64(&8+&B&*+!
1C)10,+! +/+,1!6&! 1C4BB0*/'()84'4+,+4/*E!;*!&JJ&+=!6&!',(! %,! +,411&=!HQHh!B45(&! %0(!5&1! ,0!*4:&,0!6&%!
8#,q*&%! 1/0(6&%! 6C4BB0*/51/3014*&! I04! B,%I0&*+! 8/B'1$+&B&*+! %/*! %45*,1! %04+&! N! 1,! 8/1/(,+4/*E!
T)*)(,1&B&*+=! 1,! J4K,+4/*! 8/:,1&*+&! 6&! 1C,*+48/('%! ,0K! 3411&%! ,%%/84)&! N! 1C0+414%,+4/*! 6&! B)+#/6&%!
6C)10+4/*! 6/08&%! '&0+! ):4+&(! 8&! '(/31$B&! &*! &B'i8#,*+! 1x)10+4/*! 6&! 1x,*+48/('%}! 8&'&*6,*+=!
1C&*%&B31&! 6&%! */B3(&0%&%! %+(,+)54&%! +&%+)&%! /*+! &0! '/0(! &JJ&+! 0*&! '&(+&! 4B'/(+,*+&! 6&!
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(&*6&B&*+E!7C,0+(&!',(+=!1,!'()%&*8&!6&!B/64J48,+4/*%!'/%+@+(,608+4/**&11&%!,JJ&8+&!1,!B45(,+4/*!6&%!
'(/+)4*&%!%0(!5&1!6&!',(!1&0(!B,%%&!&+=!6,*%!1&!8,%!6&%!'#/%'#/(?1,+4/*=!6&!',(!1&0(!8#,(5&!aV/&#B!
0#! *9b=! YgfY}! [4*/%#4+,! 0#! *9b=! Ygg\bE! Q4*%4=! 8&(+,4*&%! J/(B&%! '#/%'#/(?1)&%! ,0(,4&*+! '0! %&! +(/0:&(!
#/(%!6&!1,!U/*&!6&!6)8/0',5&!&+!i+(&!'&(60&%E!2/0(!8&%!(,4%/*%=!DC,4!6/*8!/'+)!'/0(!0*&!,*,1?%&!%0(!
)10,+!+/+,1=!8&!I04!*C,:,4+!D,B,4%!)+)!+&*+)!,0!%&(:48&!6&!'(/+)/B4I0&!6&!1CMTVLGE!
7&%!B4%&%!,0!'/4*+!/*+!)5,1&B&*+!)+)!*)8&%%,4(&%!'/0(!6)+&(B4*&(!1&!8#/4K!6&!1C&*U?B&!6&!
645&%+4/*!N!0+414%&(E!;*!&JJ&+=!B&%!'(&B4&(%!&%%,4%!,:&8!1,!+(?'%4*&!&+!1,!8#?B/+(?'%4*&!%&!%/*+!,:)()%!
'&0! J(08+0&0KE!2,(!&K&B'1&=!6,*%! 1&!8,%!6&!HQHh=! 1,! +(?'%4*&!'&(B&+!0*&!8/0:&(+0(&!6&!%)I0&*8&!
6C&*:4(/*! `g!! %&01&B&*+=! ,:&8! 0*&! 8/0:&(+0(&! I0,%4! *011&! 6&! 1,! ()54/*!<@+&(B4*,1&E! Q'($%! ,:/4(!
&JJ&8+0)!6&%!%4B01,+4/*%!4*J/(B,+4I0&%!6&!645&%+4/*=!DC,4!/'+)!'/0(!1,!+#&(B/1?%4*&=!I04!8/0'&!&*!<@
+&(B4*,1!6&%!,846&%!,B4*)%!#?6(/'#/3&%!>&0=!2#&=!F,1=!M1&=!Q1,!&+!L&+E!>C0+414%,+4/*!6&!8&++&!&*U?B&!
'&(B&+!0*&!8/0:&(+0(&!6&!%)I0&*8&!*&++&B&*+!%0')(4&0(&=!*/+,BB&*+!,0!*4:&,0!6&!1,!'/(+4/*!<@
+&(B4*,1&!6&!1,!'(/+)4*&E!!
2/0(!()%0B&(=!DC,4!6/*8!+(,4+)!6&!1,(5&%!I0,*+4+)%!6&!8&1101&%!LG_j!&+!V"cjc!,:&8!/0!%,*%!QH=!
4BB0*/'()84'4+)! HQHh=! 645)()! 1C)10,+! +/+,1! 8/*+&*,*+! 1,! '(/+)4*&! N! 1,! +#&(B/1?%4*&! &+! ,*,1?%)! 1&%!
'#/%'#/'&'+46&%!',(!*,*/@>G@>"k@d(34+(,'!L.!,'($%!&*(48#4%%&B&*+!',(!MLQG!a203148,+4/*!Y!_450(&!
fVbE!
>C,*,1?%&! ,! '&(B4%! 6&! 6)+&8+&(! I0,+(&! %4+&%! 6&! '#/%'#/(?1,+4/*-! .]X=! .jc! &+! .jj=! 1/8,14%)%!
6,*%! 1&!6/B,4*&!<@+&(B4*,1=!&+!.cc`! 1/8,14%)!6,*%! 1,!()54/*!_!a203148,+4/*!Y!_450(&!`QbE!G&%!I0,+(&!
%4+&%!6&!'#/%'#/(?1,+4/*!)+,4&*+!()',(+4%!%0(!I0,+(&!+?'&%!6&!'&'+46&%-!6&%!'&'+46&%!8/*+&*,*+!.]X=!
.jj!/0!.cc`!%&01&%!&+!6&%!'&'+46&%!8/*+&*,*+!N!1,!J/4%!.jc!&+!.jj!a203148,+4/*!Y!_450(&!`VbE!!
>,! '#/%'#/(?1,+4/*! 6&! .jj! &+! .cc`! ,:,4+! 6)DN! )+)! (,''/(+)&! aH/8#&++&@;51?! &+! ,1E=! f\\jbE!
G&'&*6,*+=! 8&%! &K')(4&*8&%! 6)B/*+(&*+! '/0(! 1,! '(&B4$(&! J/4%! 1,! '#/%'#/(?1,+4/*! 6&! .]X! &+! .jcE!!
V4&*!I0&!1C&*%&B31&!6&!8&%!'#/%'#/(?1,+4/*%!,4&*+!)+)!6)+&8+)&%!6,*%!1&%!6&0K!145*)&%!,:&8!/0!%,*%!
QH=! 6&%! 64JJ)(&*8&%! 4B'/(+,*+&%! &K4%+&*+! I0,*+! ,0! */B3(&! 6&! 2.L! 6)+&8+)%! &*+(&! 1&%! 64JJ)(&*+%!
)8#,*+411/*%E!7C,3/(6=! 1C,3/*6,*8&!(&1,+4:&!6&%!'#/%'#/'&'+46&%!&%+!5)*)(,1&B&*+!'10%!J,431&!6,*%!
1&%! V"cjc! I0&! 6,*%! 1&%! LG_j! a203148,+4/*! Y=! _450(&! `GbE! >,! 64JJ)(&*8&! 1,! '10%! J(,'',*+&! (&1$:&!
8&'&*6,*+!6&! 1,!:,(4,+4/*!60!*4:&,0!6&!'#/%'#/(?1,+4/*!6&!.jc!s!.jj!&*! ()'/*%&!N! 1CQHE!;*!&JJ&+=!
6,*%!1&%!LG_j=!8&++&!6/031&!'#/%'#/(?1,+4/*!,05B&*+&!J/(+&B&*+!&*!()'/*%&!N!1CQH=!B,4%!',%!6,*%!
1&%!V"cjcE!AC,4!'0!8/*J4(B&(!8&!()%01+,+!',(!6&%!&K')(4&*8&%!6C4BB0*/'()84'4+,+4/*!B&*)&%!%04+&!N!
1x,46&! 6C0*! */0:&1! ,*+48/('%! I0&! */0%! ,:/*%! %?*+#)+4%)! &+! I04! (&8/**,4+! %')84J4I0&B&*+! HQHh!
'#/%'#/(?1)!,0!*4:&,0!6&%!6&0K!()%460%!.jc!&+!.jj!a_450(&!]jbE!!
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>C4*608+4/*!6&!1,!'#/%'#/(?1,+4/*!6&!.jj!&*!()'/*%&!N!1CQH!,:,4+!6)DN!)+)!(,''/(+)&!6,*%!1&%!
LG_j!aV(08R!0#!*9b=!Ygg\bE!G&%!()%01+,+%!B/*+(&*+!8&'&*6,*+!'/0(!1,!'(&B4$(&!J/4%!I0&!1C4*608+4/*!6&!
8&++&!'#/%'#/(?1,+4/*!&%+!5)*)(,1&B&*+!,%%/84)&!N!8&11&!6&!.jcE!M1!&%+!N!*/+&(!I0&!+/0%!1&%!'&'+46&%!
a%,*%!&K8&'+4/*b!'()%&*+,*+!0*&!'#/%'#/(?1,+4/*!6&!.jc!)+,4&*+!)5,1&B&*+!'#/%'#/(?1)%!,0!*4:&,0!
6&!.jj=!%055)(,*+!I0&! 1,!'#/%'#/(?1,+4/*!'(),1,31&!6&!.jj!&%+!(&I04%&!'/0(! 1,!'#/%'#/(?1,+4/*!6&!
.jcE!>,!R4*,%&!N!1C/(454*&!6&!1,!'#/%'#/(?1,+4/*!6&!.jc!6&B&0(&!N!46&*+4J4&(=!B,4%!/*!'&0+!%0''/%&(!
I0C41! %C,54+! 6C0*&! R4*,%&! (&8/**,4%%,*+! 0*! B/+4J! 8/*%&*%0%! '#/%'#/(?1)E! >,! J/*8+4/*! &K,8+&! 6&! 1,!
'#/%'#/(?1,+4/*!6&!.jc!*x&%+!',%! 8/**0&!&+!*x,!',%!)+)!N!'(/'(&B&*+!',(1&(!)+064)&E!G&'&*6,*+=!
'10%4&0(%! +(,:,0K! /*+! )+)! &JJ&8+0)%! ,*+)(4&0(&B&*+! ,0! 1,3/(,+/4(&! ,J4*! 6x)+064&(! 1&! (O1&! 6&! 1,!
'#/%'#/(?1,+4/*!6&!.jj!aV(08R!0#!*9b=!Ygg\bE!>/(%!6&!8&%!+(,:,0K=!1x,8+4:4+)!+(,*%8(4'+4/**&11&!6&!HQHh!
,!)+)!,*,1?%)&!,'($%!B0+,+4/*!6&!1,!.jjE!G&%!,*,1?%&%!/*+!():)1)!I0&!1/(%I0&!HQHh!&%+!B0+)!%0(!8&!
%4+&=!41!*x&%+!',%!(&8(0+)!&JJ48,8&B&*+!,0!*4:&,0!6&%!'(/B/+&0(%!6&!%&%!5$*&%!8431&%!&'(%),+!&+!=#$%!
&+! *x4*604+! ',%! 1&0(! +(,*%8(4'+4/*! aV(08R! 0#! *9b=! Ygg\bE! G/BB&! 1,! '#/%'#/(?1,+4/*! 6&! .jc! %&B31&!
6)'&*6(&!6&!1,!'#/%'#/(?1,+4/*!'(),1,31&!6&!.jj=!41!'&0+!i+(&!'/%+01)!I0&!1,!B0+,+4/*!6&!.jj!6,*%!
8&%! ,*,1?%&! ,! */*! %&01&B&*+! &B'i8#)! 1,! '#/%'#/(?1,+4/*! 6&! 8&! ()%460! &*! ()'/*%&! N! 1xQH=! B,4%!
)5,1&B&*+! 1,!'#/%'#/(?1,+4/*!6&!.jcE!204%I0&!B&%!()%01+,+%!B/*+(&*+!I0x&*!()'/*%&!N! 1xQH=!HQHh!
'#/%'#/(?1)! %0(! .jc! &+! .jj! (&'()%&*+&! 1,! J/(B&! '#/%'#/(?1)&! '()6/B4*,*+&! ',(! (,''/(+! N! HQHh!
'#/%'#/(?1)!%0(!.jj!%&01&B&*+!a203148,+4/*!Y=!_450(&!`Gb=!1&%!&JJ&+%!/3%&(:)%!)+,4&*+!'(/3,31&B&*+!
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8&(+,4*%!+(,:,0K!/*+!B/*+()!I0&!1,!%0''(&%%4/*!6&!1,!()54/*!Q!6&!HQHh!/0!HQHw!*x,!',%!6x&JJ&+!%0(!
1x,8+4:4+)!+(,*%8(4'+4/**&11&!/0!1,!6)5(,6,+4/*!6&!8&%!()8&'+&0(%!aT4,**4!0#!*9b=!YggY,}![,%+*&(!0#!*9b=!
f\\Y}!L&1*48R!&+!>48#+=!f\\\}!H/0%%&1/+!0#!*9b=!f\\c}!P#0!0#!*9b=!f\\\bE!G&++&!'#/%'#/(?1,+4/*!*x&%+!
6/*8! '(/3,31&B&*+! ',%! (&I04%&! '/0(! 1x,8+4:4+)! +(,*%8(4'+4/**&11&! &*! %/4=! B,4%! '/0((,4+! '10+O+!
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6&! B01+4'1&%! *4:&,0K! '/0(! ()501&(! 1,! 6)5(,6,+4/*=! */+,BB&*+! &*! ()501,*+! 1&! '(/8&%%0%!
6x034I04+4*,+4/*! a:/4(!.&8+4/*!XEYEfE]b!/0! 1x,8+4:4+)!60!'(/+),%/B&!a:/4(!.&8+4/*!XEYEYE`bE! M1!&%+!6/*8!
'/%%431&! I0&! 8&%! B)8,*4%B&%! %/4&*+! ,1+)()%! 6,*%! 1&%! V"cjc=! 34&*! I0&! */0%! *&! 64%'/%/*%! ',%! 6&!
6/**)&%!N!8&!%0D&+!'/0(!1x4*%+,*+E!
QJ4*! 6&! 6)+&(B4*&(! %4! 1,! %0(&K'(&%%4/*! 6&! &(3V@Y! &%+! (&%'/*%,31&! 6&! 1x,3%&*8&! 6&!
6)5(,6,+4/*! 6&! HQHh! 6,*%! 1&%! V"cjc=! Dx,4! ,*,1?%)! 1,! 6)5(,6,+4/*! 6&! HQHh! 6,*%! 8&%! 8&1101&%! &*!
'()%&*8&!6&! +(,%+0U0B,3!a_450(&!]\bE!G&%! ()%01+,+%!B/*+(&*+!I0&! 1x4*#434+4/*!6&!&(3V@Y!'&(B&+!6&!
(&%+,0(&(!1,!6)5(,6,+4/*!6&!HQHh!6,*%!8&%!8&1101&%!&+!%055$(&*+!6/*8!I0&!1,!%0(&K'(&%%4/*!6&!&(3V@Y!
&%+!(&%'/*%,31&!60!31/8,5&!6&!1,!6)5(,6,+4/*!6&!HQHhE!M1!&%+!'/%%431&!I0&!1&!+(,%+0U0B,3!(&%+,0(&!1,!
6)5(,6,+4/*! &*! ()+,314%%,*+! 1&%! &JJ&+%! */*@5)*/B4I0&%! 6&! 1xQHE! ;*! &JJ&+=! &(3V@Y! ,8+4:&! QR+! &*! 1&!
'#/%'#/(?1,*+! ,0! *4:&,0! 60! ()%460! .cj]! aG1,(R! 0#! *9b=! YggY}! >/*5:,! 0#! *9b=! Ygg`bE! ! >x4*#434+4/*! 6&!
&(3V@Y!',(!1&!+(,%+0U0B,3!%&!+(,604+!',(!0*&!64B4*0+4/*!6&!8&++&!J/(B&!'#/%'#/(?1)&!&+!,8+4:&!6xQR+!
a'QR+b!a_450(&!]\bE!G&!J,4%,*+=!1&!+(,%+0U0B,3!'/0((,4+!'&(B&++(&!6&!1&:&(!1x4*#434+4/*!4*604+&!',(!QR+!
%0(!1,!:/4&!']oLQ2[E!!
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!
$$Z$Z 5C>D<AJ;C>
>C&*%&B31&! 6&! 8&%! ()%01+,+%! B/*+(&*+! I0x41! &K4%+&! 6&! */B3(&0%&%! 64JJ)(&*8&%! &*+(&! 1&%!
8&1101&%! LG_j! ;HVVY@! &+! V"cjc! ;HVVYs=! (&1&:,*+! 60! B/4*%! &*! ',(+4&! 6&! 1,! 64JJ)(&*8&! 60! *4:&,0!
6x&K'(&%%4/*! 6&! &(3V@YE! G&11&%@84! %&! B,*4J&%+&*+! ,0! *4:&,0! 60! '#/%'#/'(/+)/B&! &*! 5)*)(,1! &+!
,JJ&8+&=!6x0*&!',(+=!1&%!*4:&,0K!6&!'#/%'#/(?1,+4/*%!N!1x)+,+!3,%,1!6&!'10%4&0(%!'(/+)4*&%!&+=!6x,0+(&!
',(+=!1x&JJ&+!6&!1xQH!%0(!1&!*4:&,0!6&!'#/%'#/(?1,+4/*E!>&%!'#/%'#/(?1,+4/*%!'/0:,*+!,:/4(!0*!4B',8+!
%0(! 1,! %+(08+0(&=! 1x,8+4:4+)! &+! 1&%! 4*+&(,8+4/*%! 6C0*&! '(/+)4*&=! 6&%! 8/*%)I0&*8&%! %0(! 1,! J/*8+4/*! 6&!
'10%4&0(%!'(/+)4*&%!%&B31&*+!'1,0%431&%E!!
G&%! '&(+0(3,+4/*%! ,JJ&8+&*+! )5,1&B&*+! 1&%! &JJ&+%! */*@5)*/B4I0&%! 6&! 1xQH! &+! 1,!
'#/%'#/(?1,+4/*! 6&! HQHhE! 7,*%! 1&%! V"cjc! /! 1,! '#/%'#/(?1,+4/*! 6&! HQHh! &%+! 6)J484&*+&=! &*!
',(+48014&(!6&!',(! 1x,3%&*8&!6x4*608+4/*!',(! 1xQH!6&!1,!6/031&!'#/%'#/(?1,+4/*!6&!.jc!&+!.jj=!HQHh!
*x&%+!',%!(&8(0+)!%0(!1&!'(/B/+&0(!6&!8&(+,4*%!5$*&%!8431&%!8,*/*4I0&%=!*x?!4*604+!',%!1,!+(,*%8(4'+4/*!
&+! *x&%+! ',%! 6)5(,6)! &*! ()'/*%&! N! 1xQHE! G&%! ()%01+,+%! %055$(&*+! I0&! 1C4*+)5(4+)! 6&%! :/4&%! 6&!
%45*,14%,+4/*! 6&%! R4*,%&%! %&(,4+! *)8&%%,4(&! ,0! B,4*+4&*! 6x0*! '#/%'#/'(/+)/B&! l!*/(B,1!m=! N! 1,!
'#/%'#/(?1,+4/*! 6&! HQHh! &+! N! %/*! (&8(0+&B&*+! %0(! 1&! '(/B/+&0(! 6&! %&%! 5$*&%! 8431&%! &*! :0&! 6&!
1C4*608+4/*! 6&! 1,! +(,*%8(4'+4/*! &+! J4*,1&B&*+! 6&! 1,! 6)5(,6,+4/*! 6&! HQHh! ',(! 1&! '(/+),%/B&E! G&%!
()%01+,+%!%/01$:&*+!8&'&*6,*+!0*!I0&%+4/**&B&*+!I0,*+!,0!B)8,*4%B&!&*+/0(,*+!1,!6)5(,6,+4/*!6&!
HQHhE!
!
!
! !
^;MA:F!l1Q!]H;>P;L;E;C>!GF!F:L-[?!:FJE9A:F!<9!GKM:9G9E;C>!GF!','f!G9>J!<FJ!DF<<A<FJ!-)363Z!
10-9 10-8 10-6 10-7 10-5 0 10-9 10-8 10-6 10-7 10-5 0 
BT474 
Concentration d’AR (M) 
BT474 + trastuzumab 
RARα 
tubuline 
pAKT 
AKT 
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!
$$$Z 0*5,#$(0&!+&!],!+*/',+,)$.#!+&!','f!UY"-]$5,)$.#!lV!!
>&%! ()%01+,+%! '()%&*+)%! 6,*%! 8&++&! %&8+4/*! a6&! BiB&! I0&! 6,*%! 1,! %&8+4/*! MMEMb! *C/*+! ',%!
&*8/(&!)+)!'0314)%!&+!J/*+!1C/3D&+!6C0*!B,*0%8(4+!&*!8/0(%!6&!'()',(,+4/*!a:/4(!203148,+4/*!]bE!
$$$Z$Z ,>9<=JF!GF!<SAL;RA;E;>9E;C>!GF!','f!
QJ4*! 6&! 6)+&(B4*&(! %4! 1,! 6)5(,6,+4/*! 6&! HQHh! %&! J,4+! 6&! J,y/*! 6)'&*6,*+&! 6&!
1C034I04+4*,+4/*=!DC,4!,*,1?%)!1,!6)5(,6,+4/*!60!()8&'+&0(!&*!()'/*%&!N!1CQH!6,*%!6&%!8&1101&%!LG_j!&+!
W&>,!'()@+(,4+)&%!,:&8!2~H@cf=!0*!4*#434+&0(!6&!1C,8+4:4+)!6&%!&*U?B&%!;f!a_450(&!cgbE!7,*%!1&%!6&0K!
145*)&%=!2~H@cf!,!31/I0)!1,!6)5(,6,+4/*!6&!HQHh!&*!()'/*%&!N!1CQH!a8/B',(&(!',(!&K&B'1&!1&%!'04+%!
`! &+! X! ,:&8! 1&%! '04+%! fj! &+! fobE! G&! ()%01+,+! %055$(&! I0&! 1,! 6)5(,6,+4/*! 6&! HQHh! (&I04&(+! %/*!
034I04+4*,+4/*!'(),1,31&E!AC,4!6/*8!)B4%!1C#?'/+#$%&!I0&!1CQH!4*604+!1C034I04+4*,+4/*!6&!HQHh!&*!:0&!
6&!%,!6)5(,6,+4/*E!
QJ4*!6&!6)+&(B4*&(!%4!HQHh!&%+!034I04+4*)!&*!()'/*%&!N! 1CQH=! DC,4!/'+4B4%)!0*&!B)+#/6&!6&!
'0(4J48,+4/*!6&%!'(/+)4*&%!034I04+4*)&%E!G&++&!B)+#/6&!&%+!3,%)&!%0(!8&11&!'0314)&!',(!",+#,B!0#!*9b!
aYgg\b!&+!0+414%&!6&%! 8&1101&%!&K'(4B,*+!6&! J,y/*! %+,31&!/0! +(,*%4+/4(&! 1x034I04+4*&! J0%4/**)&!N!0*&!
)+4I0&++&! '/1?@#4%+464*&! aXKW4%@93bE! >&%! '(/+)4*&%! 034I04+4*)&%! I04! /*+! 4*8/('/()! 1C)+4I0&++&! XKW4%!
%/*+! &*%04+&! 4%/1)&%! N! 1C,46&! 6&! 3411&%! 6x,5,(/%&! 8#,(5)&%! &*! *48R&1=! '04%! ,*,1?%)&%! ',(!
3??:;1=91##3;$!a_450(&!cfbE!!
!
^;MA:F!38Q!]9!GKM:9G9E;C>!GF!','f!JF!k9;E!GF!k9xC>!AL;RA;E;>9E;C>[GKNF>G9>EFZ!
7&%!8&1101&%!LG_j!&+!W&>,!/*+!)+)!'()@+(,4+)&%!,:&8! 1&%!8/*8&*+(,+4/*%! 4*64I0)&%!6&!2~H@cf=!
0*!4*#434+&0(!6&%!&*U?B&%!;f=!'04%!/*+!)+)!+(,4+)&%!N!1CQH!'/0(!c=!X!/0!o#E!>&!'()+(,4+&B&*+!,0!
2~H@cf!,!4*#43)!1,!6)5(,6,+4/*!6&!HQHh!6,*%!1&%!6&0K!145*)&%!8&1101,4(&%E!
!"!#$
%"&'($
"!$)*+,$-$+$ .$ +$ .$ +$ .$ +$ .$ +$ .$ +$ .$ +$ .$ +$ .$ +$ .$
/0$ ,0$ 10$ /0$ 10$ /0$ ,0$ 10$,0$
*$2-$ )*$2-$3$2-$ &4!+/)$
-567$
(89:$
!"!#$
%"&'($
)$ ;$ <$ /$ 3$ ,$ 7$ 1$ =$ )*$))$);$)<$)/$)3$),$)7$)1$
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!
AC,4! 6C,3/(6! +(,*%J&8+)! 6&%! 8&1101&%!LG_j!6&! J,y/*! +(,*%4+/4(&! ,:&8! 1&! :&8+&0(! 'MH;.'0(/Y@
XKW4%@93! a/JJ&(+! ',(! 7(E! G,+#&(4*&! 7,(5&B/*+! a2,(4%=! _(,*8&bb=! '04%! D&! 1&%! ,4! +(,4+)&%!  QH! &+! !
LTf]Y=! 0*! 4*#434+&0(! 60! '(/+),%/B&! a_450(&! cYQbE! >&%! 8&1101&%! /*+! &*%04+&! )+)! 1?%)&%! ,:&8! 0*!
+,B'/*!6)*,+0(,*+!N!3,%&!6&!8#1/(0(&!6&!50,*464*40B=!I04!'&(B&+!6C0*&!',(+!6C4*#43&(!1C,8+4:4+)!6&%!
79V!,J4*!6&! 5,(6&(! 1&%!034I04+4*,+4/*%! 4*+,8+&%=! &+!6C,0+(&!',(+!6&! ()604(&! 1,! J4K,+4/*!6&!'(/+)4*&%!
8/*+,B4*,*+&%!1/(%!6&!1,!'0(4J48,+4/*!a<,!&+!2&*5=!YgfYbE!>,!'0(4J48,+4/*!6&!1C&*%&B31&!6&%!'(/+)4*&%!
034I04+4*)&%! ,! '&(B4%! 1C,*,1?%&! 6&%! J/(B&%! 034I04+4*)&%! 6&! HQHh! ',(! 3??:;1=91##3;$E! .04+&! N!
1C,664+4/*! 6CQH=! DC,4! /3%&(:)! 1C,'',(4+4/*! 6&! J/(B&%! N! '10%! #,0+! '/46%! B/1)801,4(&! 6&! 1,! '(/+)4*&!
8/((&%'/*6,*+!N!6&%!J/(B&%!034I04+4*)&%!&+!I04!%C,880B01&*+!&*!'()%&*8&!6&!LTf]Y!a_450(&!cYQ=!N!
6(/4+&bE!9*&!&K')(4&*8&!,*,1/50&!,!)+)!&JJ&8+0)&!N!1C,46&!6&!8&1101&%!W&>,!&K'(4B,*+!6&!J,y/*!%+,31&!
XKW4%@93! a/JJ&(+&%! ',(!7(E! G,+#&(4*&!7,(5&B/*+b! &+! %0(&K'(4B,*+! +(,*%4+/4(&B&*+!HQHhE!7&! J,y/*!
%4B41,4(&=!0*&!,880B01,+4/*!6&!J/(B&%!034I04+4*)&%!6&!HQHh!&%+!/3%&(:)&!&*!'()%&*8&!6&!LTf]Y!&+!
!
^;MA:F!37Q!YA:;k;D9E;C>!GFJ!N:CEK;>FJ!AL;RA;E;>KFJ!p!N9:E;:!GF!DF<<A<FJ!FhN:;O9>E!W;J["LZ!
7,*%! 6&%! 8&1101&%! %0(&K'(4B,*+! 6&! J,y/*! %+,31&! /0! +(,*%4+/4(&! 1C034I04+4*&! J0%4/**)&! N! 0*&!
)+4I0&++&! '/1?#4%+464*&! aXKW4%@93b=! 1C034I04+4*,+4/*! 4*604+! 0*! B,(I0,5&! 6&%! '(/+)4*&%!
034I04+4*)&%E! >C0+414%,+4/*!6&! ()%4*&!<4@<"Q!'&(B&+!6&!'0(4J4&(! 1&%!'(/+)4*&%! 14)&%!N!XKW4%@93!
73*!1,!J/(+&!,JJ4*4+)!6&%!4/*%!<4Ys!'/0(!1&%!I0&0&%!6&!'/1?#4%+464*&%E!
Expression stable ou transitoire de His-Ub 
Ub His 
Protéine 
Ub His 
Ub His 
Ub 
Protéine Ubiquitination  Protéine 
Ub 
Ub 
Ub 
Ub 
Protéine 
Ub His 
Protéine 
Ub His 
Ub 
His 
H
is
 
H
is
 
Protéine 
Protéine 
Chaîne de polyhistidine 
Résine Ni-NTA 
Purification sur résine Ni-NTA 
Protéine 
Ub His 
Protéine 
Ub His 
Ub 
Protéine 
Ub 
Ub 
Ub 
Ub His 
H
is
 
H
is
 
Protéines ubiquitinées 
Protéines ubiquitinées  
+ protéines non-ubiquitinées 
Analyse 
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!
&%+!B,K4B,1&! %04+&!,0! +(,4+&B&*+! 8/B34*)!60!LTf]Y!&+!6&! 1CQHE!G&%! ()%01+,+%! %055$(&*+!I0&! 1CQH!
4*604+!1C034I04+4*,+4/*!6&!HQHh!&*!:0&!6&!%,!6)5(,6,+4/*E!V4&*!I0&!1,!B,%%&!B/1)801,4(&!,'',(&*+&!
6&%!J/(B&%!034I04+4*)&%!6&!HQHh!%055$(&!1,!'()%&*8&!6&!J/(B&%!'/1?034I04+4*)&%=!1&!+?'&!6&!8#,4*&%!
6&!'/1?034I04+4*&%!&*!I0&%+4/*!*x,!',%!)+)!46&*+4J4)E!QJ4*!6&!:)(4J4&(!%4!1&!+?'&!6&!'/1?034I04+4*,+4/*!
4*604+! ',(! 1xQH! &%+! 6&! *,+0(&! N! '(/B/0:/4(! 1,! 6)5(,6,+4/*! 6&! HQHh! @! 1,! 6)5(,6,+4/*! ',(! 1&!
'(/+),%/B&!)+,*+! '()J)(&*+4&11&B&*+! %45*,1)&! ',(! 1,! '()%&*8&!6&! 8#,4*&%! 6&! '/1?034I04+4*&%! 14)&%!
:4,!>?%co!a:/4(!.&8+4/*!XEYEfEYb!@!8&%!&K')(4&*8&%!,0(,4&*+!'0!i+(&!&JJ&8+0)&%!6&!*/0:&,0!&*!0+414%,*+!
6&%! 8&1101&%! &K'(4B,*+!XKW4%@93!B0+)&!,0!*4:&,0!6&! >?%co! a"#(/Z&(!&+! ,1E=! Ygggb! a"E!e,*5!&+! ,1E=!
YggobE!>,!'&(+&!6&%!J/(B&%!'/1?034I04+4*)&%!%04+&!N!1,!B0+,+4/*!,0(,4+!,1/(%!8/*J4(B)!1,!'()%&*8&!6&!
8#,4*&%!6&!'/1?034I04+4*&%!14)&%!:4,!>?%coE!
$$$Z$$Z $GF>E;k;D9E;C>!GFJ!J;EFJ!AL;RA;E;>KJ!GF!','f!
>,! B)+#/6&! 6C,*,1?%&! 6&! 1C034I04+4*,+4/*! B&*+4/**)&! '()8)6&BB&*+! *&! 6/**&! ,080*&!
4*648,+4/*!I0,*+!,0aKb!%4+&a%b!8431)a%b!',(!1C034I04+4*,+4/*E!AC,4!6/*8!+&*+)!6C46&*+4J4&(!1&!/0!1&%!,846&%!
,B4*)%!034I04+4*)%!6&!HQHh!',(!0*&!,0+(&!B)+#/6&E!
>,!B)+#/6&!6C46&*+4J48,+4/*!6&%!%4+&%!6C034I04+4*,+4/*!1,!'10%!8/0(,BB&*+!0+414%)&!&%+!3,%)&!
%0(! 1,! B0+,5)*$%&! 64(45)&! 6&%! ()%460%! 1?%4*&=! 5)*)(,1&B&*+! &*! 1&%! (&B'1,y,*+! ',(! 6&%! ()%460%!
,(54*4*&=! %04:4&! 6&! 1C,*,1?%&! 6&! 1C4B',8+! 6&! 8#,I0&!B0+,+4/*! %0(! 1&! *4:&,0! 6C034I04+4*,+4/*E! G&++&!
B)+#/6&! ,! 8&'&*6,*+! '10%4&0(%! 14B4+,+4/*%E! ;*! &JJ&+=! &11&! '&0+! %C,:)(&(! 1,3/(4&0%&=! %0(+/0+! %4! 1,!
'(/+)4*&! 6C4*+)(i+! 8/*+4&*+! 6&! */B3(&0%&%! 1?%4*&%-! 1C4%/J/(B&! #0B,4*! 6&! HQHhf=! ',(! &K&B'1&=! &*!
8/*+4&*+! YjE!7&! '10%=! 6&%! (&6/*6,*8&%! J/*8+4/**&11&%! '&0:&*+! ()%01+&(! &*! 1C034I04+4*,+4/*! 6&! %4+&%!
,1+&(*,+4J%! 1/(%I0C0*! %4+&! '()J)(&*+4&1! 6C034I04+4*,+4/*! &%+! B0+)E! |! 1C4*:&(%&=! 0*&! B0+,+4/*! '&0+!
4*#43&(! 1C034I04+4*,+4/*!6C0*!,0+(&! %4+&!&*!&B'i8#,*+! 1C4*+&(,8+4/*!&*+(&! 1&! %03%+(,+!&+! 1,!;]! 145,%&=!
B&*,*+!N!0*&!4*#434+4/*!6&!1C034I04+4*,+4/*!BiB&!%4!1&!()%460%!B0+)!*C&%+!',%!1&!%4+&!6C034I04+4*,+4/*!
aQ*,*4,!0#!*9b=!YgfcbE!!
2/0(! 8&%! (,4%/*%=! 1,! L.! &%+! 0*&! B)+#/6&! 6&! 8#/4K! 6&! '10%! &*! '10%! 0+414%)&! '/0(!
1C46&*+4J48,+4/*! 6&! %4+&%! 034I04+4*)%E! >C46&*+4J48,+4/*! 6&%! %4+&%! ',(! 8&++&! +&8#*4I0&! %C&%+! '&*6,*+!
1/*5+&B'%! ,:)()&! ,(60&E! ;*! &JJ&+=! +/0+! 8/BB&! 1&%! '#/%'#/(?1,+4/*%=! 1&%! 034I04+4*,+4/*%! %/*+! 6&%!
B/64J48,+4/*%! 6&! J,431&! %+/&8#4/B)+(4&! 64JJ4841&B&*+! 6)+&8+,31&%! %,*%! '0(4J48,+4/*! '(),1,31&E! d(=!
D0%I0CN! ()8&BB&*+=! 41! *C&K4%+,4+! ,080*&! B)+#/6&! 6C&*(48#4%%&B&*+! 6&%! '&'+46&%! 034I04+4*)%E! >&%!
64:&(%&%! %+(,+)54&%! 0+414%)&%! '/0(! 8/*+/0(*&(! 8&! '(/31$B&! a%0(&K'(&%%4/*! &+! '0(4J48,+4/*! 6&! 1,!
'(/+)4*&!6C4*+)(i+=!6)8/0',5&!%0(!5&1!6&!3,*6&%!6&!#,0+!'/46%!B/1)801,4(&!'/0:,*+!8/((&%'/*6(&!N!
6&%!J/(B&%!034I04+4*)&%!6&!1,!'(/+)4*&=!&+8EEEb=!1/(%I0C&11&%!%/*+!'/%%431&%=!*&!%0JJ4%&*+!',%!+/0D/0(%!N!
,++&4*6(&!1&!6&5()!6&!%&*%43414+)!(&I04%E!!
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!
^;MA:F!3?Q!','f!FJE!AL;RA;E;>K!F>!:KNC>JF!p!<S,'Z!
,V! 7&%! 8&1101&%!LG_j! /*+! )+)! +(,*%J&8+)&%! 6&! J,y/*! +(,*%4+/4(&! ,:&8! 1&! :&8+&0(! 'MH;.'0(/Y@
XKW4%@93!&+! +(,4+)&%!!fg@X!L!QH!&+!!fg!L!LTf]Y!60(,*+!X#E!>&!8/*+(O1&!%,*%!:&8+&0(!&%+!
46&*+4J4)! vvE! >&%! &K+(,4+%! ,'($%! '0(4J48,+4/*! 6&%! '(/+)4*&%! 034I04+4*)&%! a<4@<"Q=! N! 6(/4+&b!
B/*+(&*+!0*&!,880B01,+4/*!6&!HQHh!034I04+4*)!&*!'()%&*8&!6&!LTf]Y!&+!6CQHE!
-V! 7&%! 8&1101&%! W&>,! &K'(4B,*+! XK! W4%@93! 6&! J,y/*! %+,31&! &+! %0(&K'(4B,*+! HQHh! 6&! J,y/*!
+(,*%4+/4(&! /*+! )+)! +(,4+)&%! ! fg@X!L!QH! &+! ! fg! L!LTf]Y! 60(,*+! ]#! ,:,*+! '0(4J48,+4/*! &+!
,*,1?%&! 6&%! '(/+)4*&%! 034I04+4*)&%! 8/BB&! &*! vQvE! 7&%! W&>,! e"! /*+! )+)! 0+414%)&%! 8/BB&!
8/*+(O1&!*)5,+4J!6&!1,!'0(4J48,+4/*E!
! " "#$%&"
' " "()*+"
RARα 
ubiquitiné 
Protéines 
ubiquitinées 
,'-".!./"
,'-"01"
&2"3"
44"3"
54"3"
678"3"
248"3"
,'-"9!:;("
<=(>?301"@A"
B>3BA!"
683<"#".!"3" 3" C" C"3"3"3" 3" C" C"3"3"
<=(>?301"@A"
Extraits avant 
purification 
#9672"3" C" 3" C"3"3"3" C" 3" C"3"3"
DE943.!./"C" C" C" C"3"3"C" C" C" C"3"3"
683<"#".!"
#9672"
3" C" 3" C"
3" 3" C" C"
3"
C"
<=(>?301"F"
3" C" 3" C"
3" 3" C" C"
3"
C"
<=(>?301"Ø 
G=HI+>H?"+J+KH"
DLI>MN+OPK" B>3BA!"
&2"3"
44"3"
.!./"
L1>QL>OKR"
<=(>?301"S>1I)"
:IPHR>K)?"
L1>QL>OKR)?"
,'-".!./"
,'-"01"
54"3"
678"3"
,'-"9!:;("
BPK"?DRN>MQL)"
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!
7&'04%! '&0=! 1,! '0(4J48,+4/*! 6&! '&'+46&%! 034I04+4*)%! &%+! 6&:&*0&! '/%%431&! 5(8&! N! 1,!
5)*)(,+4/*! 6C,*+48/('%! (&8/**,4%%,*+! 1&!B/+4J! [@@TTE! ;*! &JJ&+=! 1,! 645&%+4/*! N! 1,! +(?'%4*&! 1,4%%&! 0*!
J(,5B&*+! ()%460&1! 6451?8?1! a/0! T1?@T1?b! %0(! 1&! 5(/0'&B&*+! ,B4*&! ! 6&! 1,! 1?%4*&! /! )+,4+! ,*8()&!
1C034I04+4*&=!J/(B,*+!0*!B/+4J![@@TTE!Q4*%4=!1&%!'&'+46&%!I04!&*!%/*+!'/(+&0(%!'&0:&*+!i+(&!&*(48#4%!
5(8&!N!8&%!,*+48/('%!&+!,*,1?%)%!',(!L.E!>&!J(,5B&*+!T1?@T1?!8,(,8+)(4%+4I0&!'&0+!,4*%4!i+(&!6)+&8+)!
&+!1/8,14%)!%0(!1,!%)I0&*8&!'&'+464I0&!a_450(&!c]b!a96&%#4!0#!*9b=!Ygf]bE!>C,:$*&B&*+!6&!8&++&!()8&*+&!
%+(,+)54&! ,! '&(B4%! 1C46&*+4J48,+4/*! 6&! %4+&%! 6C034I04+4*,+4/*! ,0',(,:,*+! 4*6)+&8+,31&%! ',(!L.! J,0+&!
6C&*(48#4%%&B&*+E! G&++&! B)+#/6&! *&! '&(B&+! 8&'&*6,*+! ',%! 6&! 64%8(4B4*&(! &*+(&! B/*/@! &+! '/1?@
034I04+4*,+4/*=! '04%I0&! %&01! 1&! B/+4J! T1?@T1?! 6&! 1C034I04+4*&! 6&B&0(&! ,'($%! 645&%+4/*E! 7&! '10%=!
8&(+,4*&%! B/64J48,+4/*%! 6&! +?'&! 034I04+4*&! 8/BB&! <&66o! /0! M.Tf`! '&0:&*+! &*5&*6(&(! ,'($%!
645&%+4/*! N! 1,! +(?'%4*&! 0*! B/+4J! [@@TT! 4*64%8&(*,31&! 6&! 8&104! 6&! 1C034I04+4*&E! V4&*! I0&! 8&%!
B/64J48,+4/*%! %/4&*+! '&0! J()I0&*+&%=! 41! 8/*:4&*+! *),*B/4*%! 6&! :,146&(! 1&%! '/+&*+4&1%! %4+&%!
6C034I04+4*,+4/*!',(!0*&!B)+#/6&!,1+&(*,+4:&!a[4B!0#!*9b=!YgffbE!!
>&%! '03148,+4/*%! ',(0&%! D0%I0CN! '()%&*+! 84+&*+! 1C0+414%,+4/*! 6&! 8&++&! B)+#/6&! '/0(! 6&%!
,*,1?%&%!6&!1C034I04+4*/B&E!AC,4!+&*+)!6&!8/B34*&(!8&++&!B)+#/6&!N!1,!'0(4J48,+4/*!6&!HQHh!N!5(,*6&!
)8#&11&! ,J4*! 6C46&*+4J4&(! 1&! /0! 1&%! %4+&%! 6C034I04+4*,+4/*! 6&! HQHE! |! 8&++&! J4*=! DC,4! 0+414%)! 6&%! 8&1101&%!
LG_j!+(,4+)&%!N! 1CQH!&+^/0!,0!LTf]Y!N!',(+4(!6&%I0&11&%! DC,4! 4BB0*/'()84'4+)!HQHh!8/BB&!6)8(4+!
'()8)6&BB&*+!'/0(!1C,*,1?%&!6&!1,!'#/%'#/(?1,+4/*E!>&%!)10,+%!+/+,0K!/3+&*0%!/*+!)+)!%/0B4%!N!0*&!
645&%+4/*!N!1,!+(?'%4*&!,J4*!6&!'0(4J4&(!1&%!'&'+46&%!N!B/+4J!T1?@T1?E!L,1#&0(&0%&B&*+=!,080*!'&'+46&!
,++(430)!N!HQHh!&+!'/(+,*+!1&!B/+4J!T1?@T1?!*C,!'0!i+(&!6)+&8+)E!G&'&*6,*+=!6&%!'&'+46&%!N!B/+4J!T1?@
T1?!,'',(+&*,*+!N!6C,0+(&%!'(/+)4*&%!8/@4BB0*/'()84'4+)&%!,:&8!HQHh!/*+!)+)!6)+&8+)&%=!%055)(,*+!
1C&K4%+&*8&!6C0*!'(/31$B&!6&!6)+&8+4/*!&+!*/*!6&!'0(4J48,+4/*E!M1!&%+!'/%%431&!I0&!1&%!'&'+46&%!HQHh!N!
B/+4J!T1?@T1?=! %C41! ?!&*!,:,4+=!,4&*+!)+)!&*!I0,*+4+)! +(/'! J,431&!'/0(!i+(&!6)+&8+)%E! M1!&%+!)5,1&B&*+!
'/%%431&!I0&!1&%!034I04+4*,+4/*%!%&!+(/0:&*+!#/(%!6&!1,!%)I0&*8&!8/0:&(+&=!8,(!6,*%!1&!8,%!6&!HQHh=!
1,! +(?'%4*&! *&! '&(B&+! 1,! 6)+&8+4/*! I0&! 6C&*:4(/*! `g! 6&! 1,! %)I0&*8&=! ,:&8! */+,BB&*+! 0*&! +($%!
J,431&! 8/0:&(+0(&! 6&! 1,! ()54/*! <@+&(B4*,1&E! _4*,1&B&*+=! +&1! I0&! B&*+4/**)! '()8)6&BB&*+=! 1,!
'()%&*8&!6&!B/64J48,+4/*%!'/%+@+(,608+4/**&11&%!'&0+!&*+(,:&(!1,!645&%+4/*!'(/+)4I0&E!7,*%!1&!8,%!6&!
1,! +(?'%4*&=! 1,! '()%&*8&! 6C034I04+4*&%! %0(! 0*! ()%460! 1?%4*&! &B'i8#&! 1&! 814:,5&! &*! G@+&(B4*,1! 6&! 8&!
()%460!a[4(R',+(48R!0#!*9b=!Ygg`bE!7&!'10%=! 1&!814:,5&!+(?'+4I0&!&%+!4*#43)!&*!'()%&*8&!6C0*!()%460!.&(!
/0!"#(!'#/%'#/(?1)!%4+0)!N!0*&!64%+,*8&!6&!0*!N!+(/4%!,846&%!,B4*)%!60!%4+&!6&!814:,5&!aV/&#B!0#!*9b=!
YgfY}!"#4&6&!0#!*9b=!Yggg}!e4*+&(!0#!*9b=!Ygg\bE!!
!
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$$$Z$$$Z 'r<F!GFJ!DC:KMA<9EFA:J!>C>[DC>IF>E;C>>F<J!
>,!6)5(,6,+4/*!6&!HQHh!6)'&*6!6&!1C4*+)5(4+)!60!6/B,4*&!6&!(&8(0+&B&*+!6&%!8/,8+4:,+&0(%!
a:/4(! .&8+4/*! ]EfEYbE! G&(+,4*%! 8/,8+4:,+&0(%! */*@8/*:&*+4/**&1%! /*+! 0*! (O1&! ()'(&%%&0(! &+! %/*+!
,%%/84)%! N! 6&%! ,8+4:4+)%! 034I04+4*&@145,%&=! 8/BB&! 2HQL;! &+! "HMLYc! a:/4(! .&8+4/*%! ]EcEY! &+! cEfEfb!
aG/%+&%%4! 0#! *9b=! Ygff}! A,4*! 0#! *9b=! YgfcbE! AC,4! 6/*8! +&*+)! 6&! 6)+&(B4*&(! %4! 8&%! 6&0K! 8/()501,+&0(%!
D/0&*+!0*!(O1&!6,*%!1,!6)5(,6,+4/*!6&!HQHhE!
!
^;MA:F!3lQ!$GF>E;k;D9E;C>!GFJ!J;EFJ!GSAL;RA;E;>9E;C>!N9:!0(Z!
9*&! 034I04+4*&! ,*8()&! %0(! 1&! 5(/0'&B&*+! ,B4*&! ! 6C0*&! 1?%4*&! 1,4%%&! ,'($%! 645&%+4/*! N! 1,!
+(?'%4*&! 0*! J(,5B&*+! ()%460&1! T1?@T1?=! J/(B,*+! ,4*%4! 0*! B/+4J! [@@TTE! >C0+414%,+4/*! 6C0*!
,*+48/('%!(&8/**,4%%,*+!8&!B/+4J!'&(B&+!1C&*(48#4%%&B&*+!6&%!'&'+46&%!'/(+&0(%!60!J(,5B&*+!
T1?@T1?=!'04%!1&0(!,*,1?%&!',(!L.E!
!X-X-X-X-X-X-X-X-X-K-X-X-X-X-X-X-X-X-X! 
L 
R 
G 
G 
. . . 
. 
. . 
-  
-  
-  
-  
K 
Substrat 
Ub 
Ub 
Ub 
Trypsine 
X-X-X-X-X-K-X-X 
 
 
G 
G 
-  
-  
X-X-X-X-X-X-X-X-X 
X-X-X-X 
X-X-X-X-X 
Anticorps 
K-ɛ-GG 
!X-X-X-X-X-X-X-X-X-K-X-X-X-X-X-X-X-X-X! 
L 
R 
G 
G 
. . . 
. 
. . 
-  
-  
-  
-  
!
 
! 
!
 
!
 
X-X-X-X-X-K-X-X 
 
 
G 
G 
-  
-  
X-X-X-X-X-X-X-X-X 
X-X-X-X 
X-X-X-X-X 
MS 
Ub 
motif 
K-ɛ-GG -
-
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!
• HO1&!6&!2HQL;!
>C,*,1?%&!6&%!*4:&,0K!6C&K'(&%%4/*!&*6/5$*&%!6&!2HQL;!6,*%!64:&(%&%!145*)&%!8&1101,4(&%!,!
():)1)! I0&! 8&++&! '(/+)4*&! *C&%+! ',%! &K'(4B)&! 6,*%! 1,! '10',(+! 6&%! +?'&%! 8&1101,4(&%! a_450(&! ccQb=!
8/*J/(B)B&*+! N! 8&!I04! &%+! (,''/(+)!6,*%! 1,! 14++)(,+0(&! a;''4*5!&+!V&(*,(6%=! YggXbaG/%+&%%4! &+! ,1E=!
Ygff}!~4*=!YgffbE!;*!&JJ&+=!',(B4!1&%!145*)&%!8&1101,4(&%!+&%+)&%=!%&01&%!1&%!8&1101&%!1&08)B4I0&%![`XY!
!
^;MA:F!33Q!Y',0&!>SFJE!N9J!;ON<;RAK!G9>J!<9!GKM:9G9E;C>!GF!','fZ!
,V! <4:&,0K! '(/+)4I0&%! &*6/5$*&%! 6&! 2HQL;! 6,*%! 64:&(%&%! 145*)&%! 8&1101,4(&%-! 1&%! Gd.@f!
a8&1101&%!6)(4:)&%!6&!(&4*!6&!%4*5&b=!1&%!8&1101&%!1&08)B4I0&%![`XY=!1&%!8&1101&%!&B3(?/**,4(&%!
#0B,4*&%!6&!(&4*!W;[Y\]=!1&%!8&1101&%!6&!+0B&0(%!B,BB,4(&%!#0B,4*&%!V"cjc=!L7Q@LV@]Xf!
&+! .[@VH@]=! 1&%! L;_! &+! 1&%! W&>,E! .&01&%! 1&%! 8&1101&%! [`XY! &K'(4B&*+! 2HQL;! N! 0*! *4:&,0!
%03%+,*+4&1E!!
-V! >,! %0(&K'(&%%4/*! +(,*%4+/4(&! 6&! WQ@2HQL;! 6,*%! 1&%! 8&1101&%! W&>,! *C,! ',%! 6C&JJ&+! %0(! 1,!
6)5(,6,+4/*!6&!HQHhE!
5V! HQHh! *C&%+! ',%! 6)5(,6)! &*! ()'/*%&! N! 1CQH! 6,*%! 1&%! 8&1101&%! W;[Y\]=! *4! 6,*%! 1&%! 8&1101&%!
W;[Y\]^_H"!%0(&K'(4B,*+!WQ@2HQL;!6&!J,y/*!%+,31&E!
C
O
S
-1
 
K
5
6
2
 
H
E
K
2
9
3
 
B
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7
4
 
M
D
A
-M
B
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6
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C
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S
K
-B
R
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M
E
F
 W
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H
e
L
a
 
PRAME 
actine 
A B   HeLa
  
RARα 
GAPDH 
HA-PRAME 
GAPDH 
- + - + AR 10-7 M (8h) 
- - + + HA-PRAME 
H
E
K
2
9
3
 
H
E
K
2
9
3
/F
R
T
 H
A
-P
R
A
M
E
 
actine 
HA-PRAME 
C   HEK293 
0 6 16 24 0 6 16 24 
AR 10-7 M 
Temps (h) 
HEK293 
HEK293/FRT  
HA-PRAME 
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RARα 
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RARα 
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!
&K'(4B&*+!0*!*4:&,0!*/+,31&!6&!2HQL;E!G&!8/*%+,+!%&B31&!6/*8!&K810(&!0*!(O1&!5)*)(,1!6&!2HQL;!
6,*%!1,!6)5(,6,+4/*!6&!HQHhE!
AC,4! *),*B/4*%! :)(4J4)! %4=! 1/(%I0C41! &%+! '()%&*+=! 2HQL;! '&0+! ,:/4(! 0*! 4B',8+! 60(! 1,!
6)5(,6,+4/*! HQHhE! 7,*%! 0*! '(&B4&(! +&B'%=! DC,4! %0(&K'(4B)! 2HQL;! J0%4/**)! N! 0*&! )+4I0&++&! WQ!
a#)B,5510+4*4*&b! aWQ@2HQL;b! 6,*%! 6&%! 8&1101&%! W&>,! ,J4*! 6C):,10&(! 1&%! ):&*+0&11&%! 8/*%)I0&*8&%!
%0(! 1,! 6)5(,6,+4/*! 6&! HQHh! a_450(&! ccVbE! HQHh! &%+! 8&'&*6,*+! 6)5(,6)! &*! ()'/*%&! N! 1CQH! ,:&8! 1,!
BiB&!4*+&*%4+)!,:&8!/0!%,*%!1,!'()%&*8&!6&!2HQL;E!7,*%!1&%!8&1101&%!&B3(?/**,4(&%!#0B,4*&%!6&!
(&4*!W;[Y\]=!HQHh!*C&%+!',%!6)5(,6)!&*!()'/*%&!N!1CQH!'/0(!0*&!(,4%/*!4*8/**0&!a_450(&!ccGbE!7,*%!
0*&! 145*)&! %4B41,4(&! %0(&K'(4B,*+!WQ@2HQL;! aW;[Y\]^_H"!WQ@2HQL;=!/JJ&(+&%!',(! A/,*!G/*,Z,?!
a[,*%,%!G4+?=!L4%%/0(4=!S+,+%@9*4%bb=!HQHh!*C&%+!',%!6,:,*+,5&!6)5(,6)E!2HQL;!*&!%&B31&!6/*8!',%!
4B'14I0)!6,*%!1,!()501,+4/*!6&!1,!6)5(,6,+4/*!6&!HQHhE!
• HO1&!6&!"HMLYc!
G/*+(,4(&B&*+! N! 2HQL;=! "HMLYc! &%+! &K'(4B)! 6&! J,y/*! 034I04+,4(&! a_450(&! c`QbE! QJ4*! 6&!
6)+&(B4*&(! %C41! &%+! 4B'14I0)! 6,*%! 1,! 6)5(,6,+4/*! 6&! HQHh=! DC,4! 0+414%)! 6&%! L;_! 4*:,146)%! '/0(! 8&!
J,8+&0(E! >,! 8/B',(,4%/*! 6&! 1,! 6)5(,6,+4/*! 6&! HQHh! &*! ()'/*%&! N! 1CQH! 6,*%! 1&%!L;_!e"! &+!L;_!
"HMLYc@^@!a_450(&!c`Vb!B/*+(&!I0&!1C&JJ48,84+)!6&!1,!6)5(,6,+4/*!&%+!5(,*6&B&*+!64B4*0)&!6,*%!1&%!
L;_!"HMLYc@^@=!%055)(,*+!0*!(O1&!'/0(!"HMLYc!6,*%!1,!6)5(,6,+4/*!6&!HQHhE!
$$$Z$Z )'$0?3!;>EF:9M;E!9IFD!','f!FE!FJE!:FD:AEK!9IFD!','f!9Ah!','&!F>!:KNC>JF!p!<S,'Z!
7,*%! 6&%! &K')(4&*8&%! 6&! 8/@4BB0*/'()84'4+,+4/*=! DC,4! B/*+()! I0&! "HMLYc! &+! HQHh!
4*+&(,54%%&*+!6,*%!1&!*/?,0!&+!I0&!8&++&!4*+&(,8+4/*!,05B&*+&!&*!()'/*%&!N!1CQH!a_450(&!cXG=!'04+%!c=!
X!&+!obE! >,!I0,*+4+)!6&!HQHh!8/@4BB0*/'()84'4+)!,05B&*+&!,'($%!f#!6&! +(,4+&B&*+!N! 1CQH! a_450(&!
cXG=! '04+! Xb=! '04%! 64B4*0&!,'($%!]#!6&! +(,4+&B&*+! ,0!B/B&*+!/! 1,!6)5(,6,+4/*!6&!HQHh!6)30+&!
a_450(&!cXG=!'04+!obE!
7&!'10%=!6,*%!6&%!&K')(4&*8&%!6&!G#M2@I2GH=!DC,4!B/*+()!I0&!"HMLYc!&%+!(&8(0+)!,0!*4:&,0!
6&%!HQH;!6&!"#$%!&+!&'(%)*+!6,*%!1&%!LG_j!a_450(&!cj!Qf=!Vf=!Gf=!QY=!VYbE!9*!(&8(0+&B&*+!%4B41,4(&!
,!)+)!/3%&(:)!6,*%!6&%!L;_!a*/*!4110%+()bE!7&!'10%=!1&!(&8(0+&B&*+!6&!"HMLYc!,!14&0!&*!BiB&!+&B'%!
I0&! 8&104! 6&! HQHh! &%+! 6)'&*6,*+! 6&! 8&104@84! a_450(&! cj! QY=! VYbE! ;*! &JJ&+=! ,080*! (&8(0+&B&*+! 6&!
"HMLYc!*C&%+! /3%&(:)! %04+&! ,0!B;12B415;! 6&! HQHh!',(! 6&%! %4H<Q! %')84J4I0&%! a_450(&! cj!QY=! VYbE!
G&'&*6,*+=!6,*%!1&%!V"cjc=!*4!HQHh!*4!"HMLYc!*&!%/*+!(&8(0+)%!a_450(&!cj!Qc=!Vc=!GcbE!
!
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$$$Z$Z )'$0?3!>SFJE!N9J!;ON<;RAK!G9>J!<F!:FD:AEFOF>E!GA!N:CEK9JCOFZ!
7&%!&K')(4&*8&%!6&!G#M2@I2GH!/*+!)5,1&B&*+!B/*+()!I0&!6&0K!%/0%@0*4+)%!60!'(/+),%/B&=!
2.L7f!a,'',(+&*,*+!,0!8/B'1&K&!()501,+&0(!f\.b!&+!2.LV`!a,'',(+&*,*+!,0!8r0(!8,+,1?+4I0&!Yg.b!
!
^;MA:F!3BQ!)'$0?3!FJE!;ON<;RAK!G9>J!<9!GKM:9G9E;C>!GF!','fZ!
,V!<4:&,0K!'(/+)4I0&%!&*6/5$*&%!6&!"HMLYc!6,*%!1&%!LG_j=!W&>,=!L7Q@LV@]Xf=!V"cjc=!L;_!
e"!&+!L;_!"HMLYc@^@E!
-V!7&%!L;_!e"!&+!"HMLYc@^@!/*+!)+)!+(,4+)&%!60(,*+!Y!N!Yc!#&0(&%!,:&8!1CQH!/0!1&!:)#4801&E!>&%!
3??:;1=91##3;$/! &+! 1,! I0,*+4J48,+4/*! 6&! 1&0(%! 3,*6&%! B/*+(&*+! 0*&! 6)5(,6,+4/*! 6&! HQHh!
6)J484&*+&!6,*%!1&%!L;_!"HMLYc@^@E!
!"#$%&'!()$*+*$
,-./0!
&-&1$
*$ *$ *$ 2$*$ 2$ *$
,-./0!
&-&1$
!"#$3%$
*$ 2$ 2$
45$ )5$ 65$
AR 10-6 M  $
47$
(47$
)47$
847$
647$
9447$
45$ )5$ 65$
&-+:;5<=>;$?@ABC$BD$&-&1$E?BF;<G$>;H;>C$
!"#$3%$
!"#$%'#91*+*$&'!()$*+*$
Niveau protéique de RARα (ratio AR/véhicule) 
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!
%/*+!(&8(0+)&%!,0!*4:&,0!6&%!HQH;!6&%!5$*&%!&c.%),+!&+!"#$%!6,*%!1&%!LG_j!&*!BiB&!+&B'%!I0&!
HQHh!&+!"HMLYc!a_450(&!cj!Q]=!V]=!G]bE!;11&%!*&!%/*+!8&'&*6,*+!',%!(&8(0+)&%!%04+&!,0!R*/8R6/Z*!
6&!HQHh=!%055)(,*+!I0&! 1&!'(/+),%/B&!*x&%+!(&8(0+)!%0(! 1&%!'(/B/+&0(%!6&%!5$*&%!8431&%!6&!HQHh!
I0x&*!'()%&*8&!60!()8&'+&0(E!G/BB&!"HMLYc!&+!1&!'(/+),%/B&!%/*+!+/0%!6&0K!(&8(0+)%!%0(!1xQ7<=!
Dx,4!)B4%!1C#?'/+#$%&!I0&!"HMLYc!%&(,4+!1&!B)64,+&0(!'/0(!1&!(&8(0+&B&*+!60!'(/+),%/B&E!
M1!&%+!N!*/+&(!I0x41!*x?!,!,080*!(&8(0+&B&*+!6&!HQHh=!6&!"HMLYc!/0!60!'(/+),%/B&!6,*%!1&%!
V"cjc! a_450(&! cj! Qc=! Vc=! GcbE! G&1,! &%+! 8/#)(&*+! ,:&8! 1&! J,4+! I0&! HQHh! '()%&*+&! 0*! 6)J,0+! 6&!
'#/%'#/(?1,+4/*!6,*%!8&%!8&1101&%E!>&!HQHh!*/*!'#/%'#/(?1)!6&%!V"cjc!*x&%+!6/*8!',%!(&8(0+)!%0(!
1xQ7<=!6x/!1x,3%&*8&!6&!(&8(0+&B&*+!6&!"HMLYc!&+!60!'(/+),%/B&!%0(!1xQ7<!&+!6/*8!1x,3%&*8&!6&!
6)5(,6,+4/*E!
7,*%! 1x):&*+0,14+)! 6x0*! (O1&! 6&! "HMLYc! 6,*%! 1&! (&8(0+&B&*+! 60! '(/+),%/B&=! Dx,4! +/0+!
6x,3/(6!)B4%!1x#?'/+#$%&!I0x41!D/0&(,4+!0*!(O1&!6x)8#,J,06,5&E!AC,4!6/*8!&*+(&'(4%!6&!6)+&(B4*&(!%C41!
J,4+!',(+4&!6&%!8/B'1&K&%!'(/+)4I0&%!,%%/84)%!,0!'(/+),%/B&!YX.E!2/0(!8&!J,4(&=!DC,4!&0!(&8/0(%!N!0*&!
B)+#/6&! 6C4%/1&B&*+! 6&%! '(/+),%/B&%! a.81#0*/1?0! I/19*#31;! Z3#! aG,134/8#&Bbb! 3,%)&! %0(!
1C0+414%,+4/*!6&!3411&%!6C,5,(/%&!,0KI0&11&%!,!)+)!8/0'1)&!1,!T10+,+#4/*!.@+(,*%J)(,%&!aT."b!J0%4/**)&!N!
0*!6/B,4*&!:=3O:3#3;<93B0!a93>bE!G&!6/B,4*&!93>=!I04!'(/:4&*+!6&! 1,!'(/+)4*&!HQ7Y]V=!&%+!8,',31&!
6C4*+&(,54(!64(&8+&B&*+!,:&8!1&!'(/+),%/B&!YX.!73*!1,!%/0%@0*4+)!H'*fg!60!8/B'1&K&!()501,+&0(!f\.!
aW4?,B,! 0#! *9b=! f\\\bE! >C0+414%,+4/*! 6&! 3411&%! 6C,5,(/%&! T."@93>! '&(B&+! 6/*8! 1C4%/1&B&*+! 6&!
'(/+),%/B&%!&*+4&(%!&+!34/1/54I0&B&*+!,8+4J%!6&!BiB&!I0&!6&%!'(/+)4*&%!I04!104!%/*+!,%%/84)&%E!
!
!
^;MA:F!32Q!)'$0?3!;>EF:9M;E!9IFD!','f!F>!:KNC>JF!p!<S,'Z!
MBB0*/'()84'4+,+4/*! aM2b! 6&! "HMLYc! N! ',(+4(! 6C&K+(,4+%! 8?+/%/14I0&%! aGb! &+! *081),4(&%! a<b!
'(/:&*,*+! 6&! 8&1101&%!LG_j! +(,4+)&%! N! 1CQH! 60(,*+! 1&%! +&B'%! 4*64I0)%E! >&%! 3??:;1=91##3;$/!
aMVb!B/*+(&*+!1,!'()%&*8&!6&!HQHh!8/@4BB0*/'()84'4+)!6,*%!1&%!&K+(,4+%!*081),4(&%!,:&8!0*&!
4*+&(,8+4/*!B,K4B,1&!,'($%!f#!6&!+(,4+&B&*+E!
!"#$%&!'()$
!"#$%&!'()$
!"#$&*&+$
&*&+$
!,-$
.
/
01
2
30
$$
!,
-
$
4$
5$ 6$ 7$ 8$*&$
4$ 4$ 99 9
6$ ($ 7$ )$ :$ ;$ <$ =$
!>#$%&!'()$
./01230?$2@2A0$
BC13DE2FGA$
!"#$&*&+$
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!
!
^;MA:F!36Q!,>9<=JF!N9:!5P$Y[RY5'!GA!:FD:AEFOF>E!GF!','fc!)'$0?3c!Y(0+7!FE!Y(0-B!JA:!
<FJ!N:COCEFA:J!GFJ!Mo>FJ!/012!FE!#342567!G9>J!<FJ!05^6!FE!<FJ!-)363Z!
>&!(&8(0+&B&*+!,0!*4:&,0!60!'(/B/+&0(!6&!"#$%!aQb!&+!60!'(/B/+&0(!64%+,1!aVb!&+!'(/K4B,1!aGb!
6&!&'(%)*+!B/*+(&! 1&! (&8(0+&B&*+!6&!HQHh=! "HMLYc=! 2.L7f!&+! 2.LV`!6,*%! 1&%!LG_jE! >&!
(&8(0+&B&*+! 6&! "HMLYc! &+! 60! '(/+),%/B&! &%+! 6)'&*6,*+! 6&! 8&104! 6&! HQHhE! Q080*!
(&8(0+&B&*+!*C&%+!/3%&(:)!6,*%!1&%!V"cjcE!
!"###
!" !#
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#
)*+,-./,0
)*121 
+34$5121 5
( " 6
7
5*
-
8
9
.)
125:3;
7
5*
-
8
9
.)
# ( " 6
7
5*
-
8
9
.)
2( <( +(
!6=##
()*$
#
# ( " 6
#
"
>
?
# ( " 6125:3; # ( " 6# ( " 6
#
"
>
?
#
# ( " 6125:3; # ( " 6# ( " 6
# ( " 6125:3; # ( " 6# ( " 6
2"
26
2>
<"
<6
<>
+"
+6
+>
7
5*
-
8
9
.)
)*+,-./,0
)*121 
+34$5@14&">
#
(
"
6
>
=
#
(
"
6
>
=
#
(
"
6
>
=
121 5
@14&">
&+AB5CD00)
<@>B>5CD00)
"
>
?
"
>
?
#
"
>
?
#
"
>
?
E
#
"
>
?
E
#
"
>
?
E
+34$5$%&'(
+34$5$%&<=
)*+,-./,0
)*121 
)*+,-./,0
)*121 
#
"
>
?
$%&<=
104
!
!
>C,''148,+4/*!6&!8&++&!B)+#/6&!N!6&%!&K+(,4+%!6&!8&1101&%!LG_j!+(,4+)&%!',(!1CQH!60(,*+!g=!f=!
Y=! ]! /0! c! #&0(&%! ,! ():)1)! 1,! '()%&*8&! 6&! %/0%@0*4+)%! 60! '(/+),%/B&! 8/BB&! .9Tf! ,4*%4! I0&! 1,!
'()%&*8&!6&!HQHh!a_450(&!coQbE!7&!'10%=!1,!I0,*+4+)!6&!HQHh!,%%/84)&!,0!'(/+),%/B&!,05B&*+&!&*!
()'/*%&!N! 1CQH=!&*!,88/(6!,:&8! 1&!J,4+!I0&! 1,!6)5(,6,+4/*!6&!HQHh!&%+! 4*604+&!',(! 1CQHE!G&'&*6,*+=!
"HMLYc!*C,!',%!'0!i+(&!6)+&8+)!6,*%!1&%!8/B'1&K&%!,%%/84)%!,0!'(/+),%/B&E!>,!BiB&!&K')(4&*8&!,!
)+)!&JJ&8+0)&!,:&8!6&%!L;_!e"!&+!6&%!L;_!"HMLYc@^@!a_450(&!coVbE!>&!()%01+,+!/3+&*0!,:&8!1&%!L;_!
e"! &%+! +($%! %4B41,4(&! N! 8&104! 6&%!LG_jE! 7,*%! 1&! 8,%! 6&%! 8&1101&%! "HMLYc! @^@=! 1,! I0,*+4+)! 6&! HQHh!
,%%/84)&! ,0! '(/+),%/B&!*C,! ',%! :,(4)! &*! ()'/*%&! N! 1CQH=! 8&! I04! %&B31&! 8/#)(&*+! ,:&8! 1&! J,4+! I0&!
HQHh!&%+!6)5(,6)!B/4*%!&JJ48,8&B&*+!6,*%!8&%!8&1101&%E!T1/3,1&B&*+=! 8&%! ()%01+,+%! %055$(&*+!I0&!
"HMLYc! *&! J/(B&! ',%! 6&! 8/B'1&K&! ,:&8! HQHh! &+! 1&! '(/+),%/B&=! &+! 6/*8! I0C41! *&! ',(+484'&! ',%!
64(&8+&B&*+!,0!(&8(0+&B&*+!60!'(/+),%/B&E!!
$$$Z$Z$Z )'$0?3!Q!A>!:r<F!G9>J!<9!GKAL;RA;E;>9E;C>!','fy!
"HMLYc! ,! 0*&! ,8+4:4+)! ;]! 034I04+4*&! 145,%&! &+! %/*! 4B'148,+4/*! 6,*%! 1C034I04+4*,+4/*! &+! 1,!
6)5(,6,+4/*!6C,0+(&%!'(/+)4*&%!&%+!B,4*+&*,*+!34&*!)+,314&E!Ax,4!6/*8!)B4%!1x#?'/+#$%&!I0&!"HMLYc!
'/0((,4+! '&(B&++(&! 1&! (&8(0+&B&*+! 60! '(/+),%/B&! 73*! 1C4*608+4/*! 6x0*&! 034I04+4*,+4/*! 6&! HQHh!
6/**,*+!1&!%45*,1!N!1,!(&8/**,4%%,*8&!',(!1&!'(/+),%/B&E!2/0(!:)(4J4&(!8&++&!#?'/+#$%&=!DC,4!,*,1?%)!
1C)+,+!6C034I04+4*,+4/*!6&!HQHh!6,*%!6&%!L;_!e"!&+!"HMLYc@^@!&*!()'/*%&!N!1CQH!&+!,0!LTf]YE!AC,4!
&*%04+&! 1?%)! 1&%!8&1101&%!&+!'0(4J4)! 1C&*%&B31&!6&%!'(/+)4*&%!034I04+4*)&%!,:&8! 1&!R4+!934k,'+0(&@k!
6,*%! 1&! 30+! 6C,*,1?%&(! 1&! HQHh! 034I04+4*)! ',(! 3??:;1=91##3;$E! 7&! J,y/*! %0('(&*,*+&=! 1C)+,+!
6C034I04+4*,+4/*!6&!HQHh!&*!()'/*%&!N!1CQH!8/B34*)!,0!LTf]Y!)+,4+!5(,*6&B&*+!%0')(4&0(!6,*%!1&%!
L;_!"HMLYc@^@!',(! (,''/(+!,0K!L;_!e"!a_450(&!c\=!'04+%!c!&+!jbE!G&%! ()%01+,+%!%&B31&*+!%055)(&(!
I0&! "HMLYc! *x&%+! ',%! 4B'14I0)! 6,*%! 1C034I04+4*,+4/*! 6&! HQHhE! G&'&*6,*+=! 1x0+414%,+4/*! 6&! 8&1101&%!
&K'(4B,*+!"HMLYc!,B'0+)!6&!%/*!6/B,4*&!HM<T!a"HMLYcHM<Tb=!6/B,4*&!8/*J)(,*+!N!"HMLYc!%/*!
,8+4:4+)! ;]! 034I04+4*&! 145,%&=! ,0(,4+! '&(B4%! 6x&K810(&! 6)J4*4+4:&B&*+! 0*! (O1&! 6&! "HMLYc! 6,*%!
1x034I04+4*,+4/*!6&!HQHh!aQ11+/*!0#!*9b=!Ygg\bE!
7,*%! 1x):&*+0,14+)! /! 0*! (O1&! "HMLYc! 6,*%! 1x034I04+4*,+4/*! 6&! HQHh! %&(,4+! &K810=! 0*&!
'/%%43414+)! %&(,4+! I0x41! %/4+! '10+O+! 4B'14I0)! 6,*%! 0*! '(/8&%%0%! 6&! 6)034I04+4*,+4/*! a:/4(! .&8+4/*!
XEYEfEcbE! M1!8/*:4&*+!6&!(,''&1&(!I0&! 1,!6)034I04+4*,+4/*!&%+!0*&!)+,'&!*)8&%%,4(&!N! 1,!6)5(,6,+4/*E!
;*!&JJ&+=! 8&(+,4*&%!)+06&%!/*+! %055)()!I0&! 1,!'()%&*8&!6&!8#,4*&%!6&!'/1?034I04+4*&%!8,0%&(,4+!0*!
&*8/B3(&B&*+! %+)(4I0&! &B'i8#,*+! 1,! +(,*%1/8,+4/*! 60! %03%+(,+! N! 1x4*+)(4&0(! 60! 8,*,1! 60!
'(/+),%/B&=!J,4%,*+!6&!1,!6)034I04+4*,+4/*!0*&!)+,'&!(&I04%&!N!1,!+(,*%1/8,+4/*!60!%03%+(,+!&+!6/*8!N!
%,!6)5(,6,+4/*!a:/4(!.&8+4/*%!XEYEfEc!&+!XEYEYE]b!aF&(B,!0#!*9b=!YggY}!~,/!&+!G/#&*=!YggYbE!V4&*!I0&!1&!
'(/+),%/B&!'/%%$6&!0*&!8&(+,4*&!,8+4:4+)!6)034I04+4*,%&!4*+(4*%$I0&!73*!%,!%/0%@0*4+)!2.L7fc!a:/4(!
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!
^;MA:F!3dQ!)'$0?3!>SFJE!N9J!;ON<;RAK!G9>J!<F!:FD:AEFOF>E!GA!N:CEK9JCOFZ!
,V!7&%!8&1101&%!LG_j!/0!-V!6&%!L;_!e"!&+!"HMLYc@^@!/*+!)+)!+(,4+)&%!N!1CQH!60(,*+!g=!f=!Y=!]=!
/0!c!#&0(&%=! 1?%)&%=!'04%! 1&%!'(/+),%/B&%!YX.!/*+!)+)! 4%/1)%!N! 1C,46&!6&!3411&%!6C,5,(/%&!T."@
93>E! >&%! 4BB0*/31/++4*5%! ():$1&*+! I0&! HQHh=! B,4%! */*! "HMLYc=! &%+! 8/'0(4J4)! ,:&8! 1&!
'(/+),%/B&! 6,*%! 1&%! LG_j! &+! 1&%! L;_! e"=! &+! '10%! J,431&B&*+! 6,*%! 1&%! L;_! "HMLYc@^@E!
>C4*+&(,8+4/*!&*+(&!HQHh!&+! 1&!'(/+),%/B&!,05B&*+&!&*!()'/*%&!N!1CQH!6,*%!1&%!LG_j!&+! 1&%!
L;_!e"=!B,4%! */*! 6,*%! 1&%!L;_! "HMLYc@^@E! .9Tf=! 0*&! %/0%@0*4+)! 60! 8/B'1&K&! ()501,+&0(!
f\.=!&%+!484!0+414%)!8/BB&!8/*+(O1&!6&!1,!'0(4J48,+4/*!60!'(/+),%/B&E!!
!"#$%&#'(%)%*#(
+,$&-.%/0*(
1213(
4567(
6289:(
;1<=>?(
64;(
;@A+'(BCD(7EFG(=(12(E( 7( >( H( ?(E( 7( >( H( ?(
64;F5IJ(
1213(
4567(
6289:(
;1<=>?(
=!K(L;(
;@A+'(BCD(7EFG(=(12(E( 7( >( H( ?( E( 7( >( H( ?(
=!K(;1<=>?FMF(
Extraits avant purification 
;@A+'(BCD(7EFG(=(12(E( 7( >( H( ?( E( 7( >( H( ?(L;( FMF(
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;1<=>?(
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=!K(L;( =!K(;1<=>?FMF(
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!
!
.&8+4/*!XEYEYEYb=!'10%4&0(%!)+06&%!%055$(&*+!I0&!1x4*+&(:&*+4/*!6x,0+(&%!79V!'04%%&!i+(&!*)8&%%,4(&!N!
1,! 6)034I04+4*,+4/*! 8/B'1$+&! &+! N! 1,! 6)5(,6,+4/*! 6&! 8&(+,4*%! %03%+(,+%! aQB&(4R! &+! W/8#%+(,%%&(=!
Yggc}!V/(/6/:%R?!0#!*9b=!Yggf}!T0+&(B,*!&+!T148RB,*=!Yggc,}!T0+&(B,*!&+!T148RB,*=!Yggc3}!W/1U1!0#!
*9b=!Yggg}!>,B!0#!*9b=!f\\j}!>&55&++!0#!*9b=!YggY}!"E!>4!0#!*9b=!Yggg}!L,?+,1@[4:4+?!0#!*9b=!YggY}!2,',!0#!
*9b=!f\\\bE!
204%I0&! "HMLYc! *x,! ,080*&! ,8+4:4+)! 6)034I04+4*,%&! (,''/(+)&! D0%I0CN! '()%&*+=! Dx,4! )B4%!
1x#?'/+#$%&!I0x41!'04%%&!,54(!&*!(&8(0+,*+!6&%!79VE!M1!&%+!4*+)(&%%,*+!6&!*/+&(!I0&!1/(%!6C&K')(4&*8&%!
6C4BB0*/'()84'4+,+4/*!6&!"HMLYc!%04:4&!6&!1C46&*+4J48,+4/*!6&%!',(+&*,4(&%!8/@4BB0*/'()84'4+)%!',(!
^;MA:F!31Q!]9!JANN:FJJ;C>!GF!)'$0?3!9AMOF>EF!<SKE9E!GSAL;RA;E;>9E;C>!GF!','fZ!
7&%!8&1101&%!L;_!e"!&+!"HMLYc@^@!/*+!)+)!+(,4+)&%!N!1CQH!,:&8!/0!%,*%!LTf]Y!60(,*+!X#!,:,*+!
'0(4J48,+4/*!6&%!'(/+)4*&%!034I04+4*)&%!&+!,*,1?%&!',(! 3??:;1=91##3;$! aMVb!,:&8! 1&%!,*+48/('%!
4*64I0)%E!>,!%0''(&%%4/*!6&!"HMLYc!J,:/(4%&! 1C,'',(4+4/*!6&!J/(B&%!034I04+4*)&%!6&!HQHh!&*!
()'/*%&!N!1CQH!&+!,0!LTf]YE!
IB: TRIM24 
IB: RARα 
IB: GAPDH 
MG132 + - - + - - 
AR 10-6 M + + - + + - 
IB: Ub 
!"# "$%&'()*)#
+,-./0-1#/2/3-#45.067/893#
$:$;#
5<0=5083># %?@#$:$;#
%?@#A<#
MG132 + - - + - - 
AR 10-6 M + + - + + - 
!"# "$%&'()*)#
E
x
tr
a
it
 
BC5/-1#/4.D1#45.067/893#EF1#
4.9->03F1#5<0=5083>F1#
1 2 3 4 5 6 7 
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!
!
L.=! DC,4! '0! 46&*+4J4&(! '10%4&0(%!
79VE! >/(%! 6C0*&! '(&B4$(&!
&K')(4&*8&!'()14B4*,4(&!6&!B4%&!
,0! '/4*+! &JJ&8+0)&! N! ',(+4(! 6&!
8&1101&%! LG_j! */*! +(,4+)&%=!
1C)10,+! ,! )+)! 6)'/%)! %0(! .7.@
2QT;!&+!'10%4&0(%!3,*6&%!6&!5&1!
8/*+&*,*+!6&%!'(/+)4*&%!6&!fgg!
N! Ygg! [7,=! 1/8,14%)&%! ,'($%!
8/1/(,+4/*! ,0! *4+(,+&! 6x,(5&*+=!
/*+!)+)!6)8/0')&%!&+!,*,1?%)&%!
'/0(! &*! 46&*+4J4&(! 1,!
8/B'/%4+4/*E! G&++&! &K')(4&*8&!
:4%,4+! &*! '(&B4&(! 14&0! N! :)(4J4&(!
1,! '()%&*8&! 6&! "HMLYc! &+! %,!
6)+&8+,3414+)! ',(!L.=!B,4%! &11&! ,! +/0+! 6&!BiB&!'&(B4%! 6C46&*+4J4&(! 0*&! ',*/'14&! 6&! '(/+)4*&%! 8/@
4BB0*/'()84'4+)&%!6&!B,%%&!B/1)801,4(&!%4B41,4(&!N!"HMLYc! a",31&,0!XbE!2,(B4!8&11&%@84=!'10%4&0(%!
79V!/*+!)+)!46&*+4J4)&%=!4*810,*+!*/+,BB&*+!9.2j!&+!9.2]Y!I04!J{(&*+!6)+&8+)&%!,:&8!6&%!*/B3(&%!
6&!2.L!)1&:)%E!!
7&! '10%=! 6,*%! 6C,0+(&%! &K')(4&*8&%! 6C4BB0*/'()84'4+,+4/*! 6&! "HMLYc! %04:4&! 6&!
1C46&*+4J48,+4/*! 6&%! ',(+&*,4(&%! 8/@4BB0*/'()84'4+)%! ',(! L.=! DC,4! '0! 8/B',(&(! 1&%! ',(+&*,4(&%!
'()%&*+%!6,*%!1&%!LG_j!&+!1&%!V"cjc!,:&8!/0!%,*%!+(,4+&B&*+!N!1CQHE!>C,*,1?%&!L.=!34&*!I0C&JJ&8+0)&!
N! ',(+4(! 6C)10,+%! +/+,0K! &+! 6/*8!B/4*%! %&*%431&=! ,! '&(B4%! 6C46&*+4J4&(! +(/4%! 79V! a",31&,0! jbE! >&0(!
,3%&*8&! 60! 8/*+(O1&! *)5,+4J! 6C4BB0*/'()84'4+,+4/*! &JJ&8+0)! ,:&8! 6&%! 4BB0*/51/3014*&%! */*@
%')84J4I0&%! %055$(&! I0C41! %C,54+! 6&! %45*,1! %')84J4I0&E! 2,(B4! 8&%!79V=!9.2j! ,! )+)! 6)+&8+)&! 6,*%! 1&%!
8&1101&%!LG_j!+(,4+)&%!N!1CQH!&+!*/*!6,*%!1&%!8&1101&%!V"cjcE!_4*,1&B&*+=!0*&!,*,1?%&!6&%!',(+&*,4(&%!
6&! HQHh! ',(! L.! N! ',(+4(! 6&! 8&1101&%! LG_j! ,! )5,1&B&*+! ():)1)! 1,! '()%&*8&! 6&! 79V! 6/*+! 9.2j!
+"-! 09JJF!OC<KDA<9;:F!Ub+9V! ∑Y(0!05^6!!
-9N7! \`! fY!
"(Y6! fYo! og!
"(Yd! f]g! o!
"(Y1\! YYg! f`!
"(Y78! fg`! c!
"(Y?8! fYg! Y!
"(Y?d! fYY! Y!
"(Yl?! foY! `o!
"(Yl2! fY]! ]!
"(Y38! fcg! o!
"(Y3l! fY]! j!
"(Y36! f`o! fc!
"(Y3d! ff\! j!
)9L<F9A!2Q!+"-!9JJCD;KFJ!p!)'$0?3!G9>J!<FJ!05^6Z!
!
+"-!
∑Y(0!
05^6![,'!
∑Y(0!
05^6!_,'!
∑Y(0!
-)363![,'!
∑Y(0!
-)363!_,'!
"(Yl! ]! ]! g! ]!
"(Y6! g! ]! g! g!
"(Y78! ]! `! g! g!
)9L<F9A!6Q!+"-!9JJCD;KFJ!p!)'$0?3!G9>J!<FJ!05^6!FE!<FJ!-)363Z!
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a",31&,0! obE! V4&*! I0&! 8&%! ()%01+,+%! (&I04$(&*+!
6,:,*+,5&! 6&! :,146,+4/*=! 41%! %055$(&*+!
6C4*+)(&%%,*+&%! '4%+&%! 6&! (&8#&(8#&!'/0(! 1C)+06&!
6C0*&!):&*+0&11&!,%%/84,+4/*!6&!"HMLYc!,:&8!0*&!
/0! 6&%! 79V! 6,*%! 1&! 8/*+&K+&! 6&! 1,! 6)5(,6,+4/*!
6&!HQHhE!
7,*%! 8&! 8/*+&K+&=! 41! &%+! 4*+)(&%%,*+! 6&!
*/+&(! I0x0*&! )+06&! ()8&*+&! ,! (,''/(+)! I0C0*&!
,0+(&! &*U?B&! ;]! 145,%&! 6&! 1,! J,B411&! "HML=! "HMLYj=! %C,%%/84&! ,:&8! 1,! 79V! 9.2j! '/0(! J/(B&(! 0*!
8/B'1&K&! N! J/*8+4/*! 034I04+4*,+4/*^6)034I04+4*,+4/*! aP,B,*! &+! ,1E=! Ygf]bE! ;*! &JJ&+=! "HMLYj!
034I04+4*&(,4+!9.2j!&+! 8&++&!034I04+4*,+4/*! %&(,4+!*)8&%%,4(&!N!9.2j!'/0(!6)034I04+4*&(! %,! 8431&=! 1,!
'(/+)4*&!HM2f!aH&8&'+/(@4*+&(,8+4*5!%&(4*&^+#(&/*4*&@'(/+&4*!R4*,%&!fb!6,*%!1&!8,%!'()%&*+E!d*!'&0+!
6/*8!4B,54*&(!I0&!8&!*/0:&,0!8/*8&'+!'04%%&!)5,1&B&*+!%C,''14I0&(!N!"HMLYc=!&+!6/*8!I0&!"HMLYc!
%/4+! 4B'14I0)!6,*%!6&%!,8+4:4+)%!6&!6)034I04+4*,+4/*=!73*! 1&!(&8(0+&B&*+!6x0*&!79V=!&*! 14&*!,:&8! 1,!
6)5(,6,+4/*!6&!HQHhE!
210%4&0(%!(,''/(+%!J,4%,*+!)+,+!6x,%%/84,+4/*%!&*+(&!79V!&+!H<!/*+!()8&BB&*+!)B&(5)!6,*%!
1,! 14++)(,+0(&!-! 9.2fj^HdHw+! a>E! W,*! 0#! *9b=! Ygfcb=! 9.2j^22QHw! a[E! eE! >&&! 0#! *9b=! Ygf],b=!
9.2fY^()8&'+&0(!6&%!,*6(/5$*&%!aV0(%R,!0#!*9b=!Ygf]b!&+!d"9Vf^;Hh!a.+,*4%48!0#!*9b=!Ygg\bE!M1!&%+!:(,4!
I0&!6,*%!8&%!&K&B'1&%=!1,!6)034I04+4*,+4/*!'&(B&+!6&!%+,3414%&(!1&%!H<!&*!4*#43,*+!1&0(!6)5(,6,+4/*E!
G&1,!%&B31&!N!'(4/(4!8/*+(,4(&!N!*/+(&!#?'/+#$%&!6x0*&!6)034I04+4*,+4/*!J,:/(4%,*+!1,!6)5(,6,+4/*!6&!
HQHhE! G&'&*6,*+=! 41! &%+! '/%%431&! I0&! %&1/*! 1&! 8/*+&K+&=! 1,! 6)034I04+4*,+4/*! '04%%&! J,:/(4%&(! /0!
6)J,:/(4%&(!1,!6)5(,6,+4/*!6&%!H<E!;*!&JJ&+=!1&%!79V!'&0:&*+!,:/4(!6&%!B/6&%!6x,8+4/*%!:,(4)%!-!&11&%!
'&0:&*+! 4*+&(,54(! ,:&8! 1&%! ;]! 034I04+4*&%! 145,%&%! &+! &*! ()501&(! 1x,8+4:4+)=! ,1+)(&(! 1&! *4:&,0!
6x034I04+4*,+4/*! 6x0*&! '(/+)4*&=! #?6(/1?%&(! &+! (&B/6&1&(! 1&%! 034I04+4*,+4/*%! '()&K4%+,*+&%! %0(! 0*!
%03%+(,+=! ,54(! 1/8,1&B&*+! 6&! J,y/*! N! ,1+)(&(! 1,! 1/8,14%,+4/*! 6x0*! %03%+(,+! 6,*%! 1,! 8&1101&! /0! ,54(!
64(&8+&B&*+! ,0! *4:&,0! 60! '(/+),%/B&! '/0(! J,8414+&(! /0! 4*#43&(! 1,! '(/+)/1?%&! a;1&+(! &+!e41R4*%/*=!
YgfcbE!M1!&%+!6/*8!'/%%431&!I0&!%&1/*!1&!H<=!1,!79V=!1&!B/B&*+!6&!1,!6)034I04+4*,+4/*!a,:,*+!/0!,'($%!
1,!(&8/**,4%%,*8&!',(!1&!'(/+),%/B&=!*/+,BB&*+b!&+!+/0+&!0*&!,0+(&!',*/'14&!6x,0+(&%!J,8+&0(%=!1,!
6)034I04+4*,+4/*!%&!%/16&!',(!0*!&JJ&+!64JJ)(&*+!%0(!1,!6)5(,6,+4/*!60!H<E!
$$$Z$$Z 5C>D<AJ;C>!
>&%! ()%01+,+%! '()%&*+)%! 6,*%! 8&++&! %&8+4/*! %055$(&*+! I0&! 1,! 6)5(,6,+4/*! 6&! HQHh! &%+! 0*!
B)8,*4%B&!034I04+4*,+4/*@6)'&*6,*+!&+!'(/+),%/B&@6)'&*6,*+!J,4%,*+!4*+&(:&*4(!"HMLYcE!204%I0&!
B&%!6/**)&%!%055$(&*+!I0&!"HMLYc!%&(,4+!,%%/84)!N!6&%!,8+4:4+)%!6)034I04+4*,%&%!73*!1&!(&8(0+&B&*+!
+"-! ∑Y(0!05^6!!
"5W]B! Y!
"(Y6! X!
"(Y78! j!
"(Yl2! X!
)9L<F9A! dQ! +"-! 9JJCD;KFJ! p! ','f!
G9>J!<FJ!05^6Z!
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6x0*&!79V=!1,!3,4%%&!6C&JJ48,84+)!6&!6)5(,6,+4/*!6&!HQHh!/3%&(:)&!6,*%!1&%!L;_!"HMLYc@^@!'/0((,4+!
(&1&:&(!6C0*!6)J,0+!6&!6)034I04+4*,+4/*!6&!HQHhE!!
$%Z -$],#!
>&%! +(,:,0K!&JJ&8+0)%! ,*+)(4&0(&B&*+! ,0! 1,3/(,+/4(&!/*+!'&(B4%!6x)+,314(! I0x&*!'10%!6&! %&!
J4K&(!,0K!HQH!'/0(!()501&(!1C,%%/84,+4/*!&+!1,!64%%/84,+4/*!6&%!8/()501,+&0(%=!1CQH!,8+4:&!6&%!8,%8,6&%!
6&! R4*,%&%! I04! '#/%'#/(?1&*+! HQHh! &+! 64:&(%&%! 8431&%! aJ,8+&0(%! 6&! +(,*%8(4'+4/*=! 8/()501,+&0(%=!
#4%+/*&%=!J,8+&0(%!6&!+(,608+4/*EEEbE!>&!1,3/(,+/4(&!,!%055)()!I0&!1x&*%&B31&!6&!8&%!'#/%'#/(?1,+4/*%!
8//'$(&(,4&*+!'/0(!'&(B&++(&! 1&!(&8(0+&B&*+!6&!HQHh!,0!*4:&,0!6&%!'(/B/+&0(%!6&%!5$*&%!8431&%!
&+!1C4*4+4,+4/*!6&!1,!+(,*%8(4'+4/*!a_450(&!`gbE!!
9*! +&1! B/6$1&! %055$(&! 1x&K4%+&*8&! 6x0*! 14&*! &*+(&! 1&%! '(/8&%%0%! 6&! '#/%'#/(?1,+4/*! &+! 1,!
J4K,+4/*!6&!HQHh!%0(!1xQ7<E!L&%!+(,:,0K!6&!+#$%&=!6/*+!0*!6&%!4*+)(i+%!B,D&0(%!:4&*+!6&%!*/0:&11&%!
,''(/8#&%!+&8#*/1/54I0&%!0+414%)&%=!%&B31&*+!&*!,88/(6!,:&8!8&!B/6$1&E!;*!&JJ&+=! Dx,4!&JJ&8+0)!0*&!
,*,1?%&! '#/%'#/'(/+)/B4I0&! 8/B',(,+4:&! ',(! %'&8+(/B)+(4&! 6&! B,%%&! 6&! 8&1101&%! 6)(4:)&%! 6&!
+0B&0(%!B,BB,4(&%!#0B,4*&%! ()%4%+,*+&%! aV"cjc=! ;HVVYsb!/0! %&*%431&%! aLG_j=! ;HVVY@b! N! 1xQHE! M1!
%x,54+! 6&! 1,! '(&B4$(&! 8,(,8+)(4%,+4/*! N! 1x)8#&11&! '(/+)/B4I0&! 6&%! '(/8&%%0%! 6&! '#/%'#/(?1,+4/*!
()501)%!',(!1xQH!6,*%!6&%!8&1101&%!6&!8,*8&(!60!%&4*E!L&%!()%01+,+%!/*+!B/*+()!I0&!1,!%0(&K'(&%%4/*!
6&!&(3V@Y!6&%!V"cjc!&%+!,%%/84)&!N!6&%!,1+)(,+4/*%!60!'#/%'#/'(/+)/B&!51/3,1E!G&%!'&(+0(3,+4/*%!
60! '#/%'#/'(/+)/B&! %&! B,*4J&%+&*+! */*! %&01&B&*+! N! 1x)+,+! 3,%,1=! B,4%! )5,1&B&*+! 6,*%! 1&%!
'#/%'#/(?1,+4/*%!4*604+&%!/0!4*#43)&%!',(!1xQHE!;11&%!8/(($1&*+!,:&8!0*!6?%J/*8+4/**&B&*+!6&%!&JJ&+%!
*/*@5)*/B4I0&%!6&! 1xQH!6&!BiB&!I0x,:&8!0*!)+,+!6&!'#/%'#/(?1,+4/*!,1+)()!6&!'10%4&0(%!R4*,%&%=!
J,8+&0(%!6&!+(,*%8(4'+4/*!&+!'(/+)4*&%!4B'14I0)&%!6,*%!1&!(&B/6&1,5&!6&!1,!8#(/B,+4*&E!7&!'10%=!&*!
&JJ&8+0,*+! 1,!'(&B4$(&!8,(,8+)(4%,+4/*!6&%!%4+&%!6&!'#/%'#/(?1,+4/*!6&! 1,!'(/+)4*&!HQHh!&*6/5$*&!
',(!%'&8+(/B)+(4&!6&!B,%%&=!Dx,4!46&*+4J4)!6&0K!*/0:&,0K!%4+&%!6&!'#/%'#/(?1,+4/*=!.]X!&+!.jc=!&+!Dx,4!
B4%! &*! ):46&*8&! 0*! 4B'/(+,*+! 6)J,0+! 6&! '#/%'#/(?1,+4/*! 6&! HQHh! ,0! *4:&,0! 6&! .jc! &+! .jj! &*!
()'/*%&!N!1xQH!6,*%!1&%!V"cjcE!7,*%!8&%!8&1101&%=!0*!(&8(0+&B&*+!4*&JJ48,8&!60!()8&'+&0(!,0!*4:&,0!
60! '(/B/+&0(! 6&! %&%! 5$*&%! 8431&%! ,! )+)! /3%&(:)=! &*! ,%%/84,+4/*! ,:&8! 0*! 6)J,0+! 6&! 1x,8+4:4+)!
+(,*%8(4'+4/**&11&!6&!HQHhE!V4&*!I0&!B&%!,*,1?%&%!*&!(&'/%&*+!N!8&!%+,6&!I0&!%0(!6&%!8/(()1,+4/*%=!
B&%!()%01+,+%!%/0+4&**&*+!1x#?'/+#$%&!6x0*!(O1&!8(084,1!6&%!B)8,*4%B&%!6&!'#/%'#/(?1,+4/*%!6,*%!1,!
()501,+4/*!+(,*%8(4'+4/**&11&!HQHh@6)'&*6,*+&E!!
>&! 1,3/(,+/4(&!,!)5,1&B&*+!%055)()!I0&!HQHh!%&(,4+!6)5(,6)!',(! 1&!'(/+),%/B&!N!1,!J4*!60!
%45*,1!+(,*%8(4'+4/**&1E!L&%!6/**)&%!%&B31&*+!8/*J4(B&(! 1&!(O1&!6&! 1,!6)5(,6,+4/*!N!+4+(&!6&!%45*,1!
6x,((i+! 6&! 1,! +(,*%8(4'+4/*E! ;*! &JJ&+=! 6,*%! 1&%! 8&1101&%! V"cjc! /! HQHh! *x&%+! ',%! '#/%'#/(?1)! &*!
()'/*%&!N!1xQH=!*&!%&!14&!',%!%0(!1xQ7<!&+!*x&%+!',%!/0!'&0!+(,*%8(4'+4/**&11&B&*+!,8+4J=!HQHh!*x&%+!
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',%!6)5(,6)E!G&%!6/**)&%!%&B31&*+!6/*8!14&(!1,!'#/%'#/(?1,+4/*!60!()8&'+&0(=!%,!J4K,+4/*!%0(!1xQ7<!
&+!%/*!,8+4:4+)!+(,*%8(4'+4/**&11&!N!%,!6)5(,6,+4/*E!7&!'10%=!Dx,4!B/*+()!I0&!6,*%!1&%!8&1101&%!LG_j!/!
HQHh!&%+! +(,*%8(4'+4/**&11&B&*+!,8+4J! &+!6)5(,6)!&*! ()'/*%&!N! 1xQH=! 1&!'(/+),%/B&!&%+! (&8(0+)!,0!
*4:&,0! 6&%! '(/B/+&0(%! 6&%! 5$*&%! 8431&%! 6&! HQHh! &*! '()%&*8&! 60! ()8&'+&0(E! G&! (&8(0+&B&*+! 60!
'(/+),%/B&!*x,!',%! 14&0!6,*%! 1&%!8&1101&%!V"cjcE!>x4*+&(:&*+4/*!60!'(/+),%/B&!,0!*4:&,0!6&! 1xQ7<!
&%+! 6/*8! &*! ,88/(6! ,:&8! 1x#?'/+#$%&! 6x0*&! 6)5(,6,+4/*! 8431,*+! 1&%! ()8&'+&0(%! ,8+4J%! ,0! *4:&,0!
+(,*%8(4'+4/**&1E!!
_4*,1&B&*+=!B&%! +(,:,0K! 6&! +#$%&! /*+! ,''/(+)! 6&%! )81,4(84%%&B&*+%! I0,*+! ,0!B)8,*4%B&!
&*+/0(,*+! 1,! 6)5(,6,+4/*! 6&! HQHhE! Ax,4! B/*+()! I0&! 1,! 6)5(,6,+4/*! 6&! HQHh! &%+! 0*! '(/8&%%0%!
034I04+4*,+4/*@6)'&*6,*+=! J,4%,*+! :(,4%&B31,31&B&*+! 4*+&(:&*4(! 1x,8+4/*! 6x0*&! ;]! 034I04+4*&@145,%&!
*/*! 46&*+4J4)&! N! 8&! D/0(! I04! %&(,4+! 4B'14I0)&! 6,*%! 1,! '/1?034I04+4*,+4/*! 6&! HQHhE! G&++&!
'/1?034I04+4*,+4/*!'&(B&++(,4+! 1,! (&8/**,4%%,*8&!6&!HQHh!',(! 1&! '(/+),%/B&!'04%! %,! 6)5(,6,+4/*=!
B&++,*+! ,4*%4! J4*! ,0! %45*,1! +(,*%8(4'+4/**&1! 4*604+! ',(! 1CQH!&+! 143)(,*+! 1&%! )1)B&*+%!6&! ()'/*%&!I04!
(&6&:4&*6(,4&*+! 64%'/*431&%! &*! :0&! 6C0*! ):&*+0&1! */0:&,0! 8?81&! 6&! +(,*%8(4'+4/*! a_450(&! `gbE! 7&!
J,y/*!4*+)(&%%,*+&=!B&%!+(,:,0K!6&!+#$%&!B/*+(&*+!'/0(!1,!'(&B4$(&!J/4%!0*!(O1&!6&!"HMLYc!6,*%!1&!
'(/8&%%0%!6&!6)5(,6,+4/*!6&!HQHhE!L&%!6/**)&%!B/*+(&*+!I0&!8/BB&!1&!'(/+),%/B&=!"HMLYc!&%+!
(&8(0+)!%0(!1&%!'(/B/+&0(%!6&%!5$*&%!8431&%!&*!'()%&*8&!6&!HQHh!6,*%!1&%!8&1101&%!LG_j!&+!*/*!6,*%!
1&%! V"cjcE! >&! B)8,*4%B&! 6x,8+4/*! 6&! "HMLYc! (&'()%&*+&! 0*&! 6&%! */0:&,0+)%! B,D&0(&%! 6&! B&%!
+(,:,0KE!;*!&JJ&+=!B&%!6/**)&%! %055$(&*+!I0&!B,15()! %/*!,8+4:4+)!;]!034I04+4*&@145,%&=!"HMLYc!*&!
%&(,4+!',%! 4B'14I0)!6,*%! 1x034I04+4*,+4/*!6&!HQHh!B,4%!'10+O+!6,*%! 1&! (&8(0+&B&*+!6&!79V! a_450(&!
`gbE!G&11&%@84!6)034I04+4*&(,4&*+!HQHh!a/0!()501&(,4&*+!%,!6)5(,6,+4/*!',(!0*!,0+(&!B)8,*4%B&bE!;*!
,3%&*8&!6&!"HMLYc=! 1x,8+4/*!6&%!79V!%&(,4+!6/*8!,3(/5)&=!&B'i8#,*+! 1,!6)5(,6,+4/*!6&!HQHh!I04!
%x,880B01&(,4+! %/0%! 6&%! J/(B&%! '/1?034I04+4*)&%E! >&! B)8,*4%B&! 6x,8+4/*! 6x):&*+0&11&%! 79V!
(&8(0+)&%!',(!"HMLYc!6&B&0(&!8&'&*6,*+!N!)81,4(84(E!
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^;MA:F!B8Q!0CGo<F!GA!OKD9>;JOF!GF!<9!GKM:9G9E;C>!GF!','fZ!
Q3*!%&%!&JJ&+%!*/*@5)*/B4I0&%!&K+(,*081),4(&%=!1CQH!,8+4:&!6&%!R4*,%&%!aQb!I04!B45(&*+!6,*%!1&!
*/?,0!&+!'#/%'#/(?1&*+!HQHh=!6&!BiB&!I0&!1&%!8/()501,+&0(%!&+!1&%!#4%+/*&%!aVbE!>C&*%&B31&!
6&!8&%!'#/%'#/(?1,+4/*%!8/*:&(5&*+!'/0(!'&(B&++(&! 1,!6)8/B',8+4/*!6&! 1,!8#(/B,+4*&!&+! 1&!
(&8(0+&B&*+! 6&! HQHh! %0(! 1&%! )1)B&*+%! 6&! ()'/*%&! 6&! %&%! 5$*&%! 8431&%! ,J4*! 6C4*4+4&(! 1,!
+(,*%8(4'+4/*E!9*&!&*U?B&!;]!145,%&!*/*!46&*+4J4)&!N!8&!D/0(!'(/8$6&!&*%04+&!N!1C034I04+4*,+4/*!
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P 
kinases 
P 
RARα 
Membrane 
plasmique 
Noyau 
kinases 
P 
RARα 
                           
Gαq 
AR 
AR AR 
AR 
transcription 
RXR                           RARα
P 
P P 
P 
P 
AR 
RARα 
P 
P 
AR 
E3 ligase 
RXR                           RARα
P 
P 
AR 
Ub 
Ub 
Ub 
Ub 
C 
Ubiquitination 
D 
Reconnaissance 
par le protéasome 
F 
Dégradation/ 
Fin du signal transcriptionnel 
RXR                           RARα
P 
P 
AR 
Ub 
Ub 
Ub 
Ub 
TRIM24 
DUB 
E 
Déubiquitination 
RXR                           RARα
P 
P 
AR 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
Ub 
TRIM24 
DUB 
RARα  
P 
P 
B 
Phosphorylations/ 
Initiation de la transcription 
A 
Activation de 
kinases par l’AR 
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CONTROL OF GENE EXPRESSION 
BY NUCLEAR RETINOIC ACID 
RECEPTORS: POST-TRANSLATIONAL 
AND EPIGENETIC REGULATORY 
MECHANISMS
Marilyn Carrier and Cécile Rochette-Egly
Functional Genomics and Cancer Department, (Institut de Génétique et de 
Biologie Moléculaire et Cellulaire IGBMC), Université de Strasbourg, Illkirch, France
I. INTRODUCTION
The nuclear retinoic acid receptors (RARα, β, γ, also called NR1B1, NR1B2, NR1B3) 
are ligand-dependent regulators of transcription, which mediate the effects of all-trans-
retinoic acid, the active endogenous metabolite of vitamin A. In vivo, RARs transduce 
the retinoic acid (RA) signal as heterodimers with RXRs and regulate the expression of 
various genes involved in cell growth and in development, such as members of the 
homeobox (Hox) gene clusters (Samarut and Rochette-Egly, 2012). The description of 
the crystallographic structures of RARs (le Maire et al., 2010), the characterization of 
the polymorphic response elements (RAREs) of their target genes (Moutier et  al., 
2012), the identification of the multiprotein complexes involved in their transcriptional 
activity (Lefebvre et al., 2005; and, more recently, the description of the architecture 
of the heterodimers on response elements (Rochel et al., 2011; Brelivet et al., 2012), 
provided a wealth of information on their mechanism of action (see also chapters 6–9).
In addition to this scenario, recent studies based on the combination of chromatin 
immunoprecipitation with microarrays or high throughput DNA sequencing indi-
cated that the expression of RAR-target genes in different RA-responsive cell models 
such as mouse embryonal carcinoma cells and mouse embryonic stem cells, relies 
not only on the occupancy of their promoters by RARs but also on the organization 
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of their epigenetic landscape and, thus, on the state of chromatin (Gillespie and 
Gudas, 2007b; Gudas and Wagner, 2011; Kashyap et al., 2011; Mahony et al., 2011; 
Mendoza-Parra et al., 2011) (Chapter 12).
The basic unit of chromatin is represented by nucleosomes, which consist of 147 
base pairs (bp) of DNA wrapped around a histone octamer consisting of two copies 
of the H2A, H2B, H3 and H4 histones. All histones have an unstructured N-terminal 
tail, which is a target for post-translational modifications (PTMs) such as methylation 
of arginine (R), methylation, acetylation, ubiquitination and sumoylation of lysine 
(K), and phosphorylation of serine (S) and threonine (T) residues. The epigenetic 
mechanisms include PTMs of histones, DNA methylation, ATP-dependent chroma-
tin  remodeling, and nonprotein coding RNA pathways (Rosenfeld et  al., 2006; 
Kouzarides, 2007; Kato et al., 2011; Tollervey and Lunyak, 2012). The combinatorial 
patterns of these mechanisms define different chromatin states that regulate several 
aspects of gene transcription (Ruthenburg et al., 2007).
However, this scenario became more complicated subsequent to the discovery that 
RARs also have extra nuclear effects and activate signaling pathways (Bruck et al., 
2009; Piskunov and Rochette-Egly, 2012), which generate an additional PTM code.
In this chapter, the canonical nuclear mechanisms of regulation of transcription 
by RARs are reviewed, focusing on recent advances in their epigenetic effects. Also 
described are the extra nuclear nontranscriptional effects of RA and how they are 
integrated in the nucleus via a post-translational code for RARs and its coregulators.
II. THE BASICS OF RAR STRUCTURE
RARs have a well-defined domain organization and structure consisting of a variable 
N-terminal domain (NTD) and two well-structured and highly conserved domains, a 
central DNA-binding domain (DBD) and a C-terminal ligand-binding domain (LBD)
(Bastien and Rochette-Egly 2004; Rochette-Egly and Germain 2009)(Figure 5.1). 
The DBD is composed mainly of two zinc-nucleated modules and two alpha helices, 
which cross at right angles and fold into a single globular domain. The LBD is 
more complex as it is involved in ligand binding, dimerization and interaction with 
multiple coregulators. Briefly, it is formed by 12 conserved alpha-helices and a 
beta-turn, which are separated by loops and folded into a three-layered and parallel 
helical sandwich (Chapter 7).
The C-terminal helix, H12, is more flexible and adopts conformations that differ 
from one RAR to the other and after ligand binding. At the molecular point of view, 
changes in the orientation of H12 contribute to the formation of different interaction 
surfaces for coregulators. Indeed, in the unliganded form of RARα, H12 is in an open 
conformation and unmasks a hydrophobic groove generated by helices H3 and H4 (le 
Maire et al., 2010). This interface can specifically bind the extended alpha helix box 
with an LxxI/HIxxxI/L motif found in corepressors (Perissi et al., 1999). In contrast, 
subsequent to ligand binding there is a repositioning of H11 in the continuity of H10 
and the concomitant swinging of H12 that moves in a mousetrap model and tightly 
packs against H3 and H4. Consequently, a new hydrophobic cleft is formed between 
H3, H4 and H12, with a charge clamp between a conserved glutamate residue in H12 
and a lysine in H3. This charge clamp specifically grips the ends of the helix specified 
by the LxxLL motif of the p160 coactivators (Perissi and Rosenfeld, 2005).
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In contrast to the DBD and LBD, the NTD is not conserved between RARs and 
RXRs and even between the different subtypes and isoforms of a given receptor.1 
Moreover, there are still no high-resolution structures available for this domain. 
However, it contains phosphorylation sites, which are conserved between RARs 
(Rochette-Egly, 2003).
III. REPRESSIVE EPIGENETIC LANDSCAPE OF RAR TARGET 
GENES IN THE ABSENCE OF RETINOIC ACID
A. Histone Deacetylation by the Corepressor Complexes
According to the canonical model of gene regulation by RARs (Dilworth and Chambon, 
2001), in the absence of a ligand and in the context of chromatin where the RAREs 
are accessible, the RARα subtype binds DNA and represses target gene expression 
through the recruitment of corepressors, such as NCoR (nuclear receptor corepressor) 
or SMRT (silencing mediator of retinoic acid and thyroid hormone receptor), which 
are genetic paralogs (Perissi et al., 2010). There are multiple NCoR and SMRT protein 
variants produced by alternative splicing and differing in their tissue expression pattern 
and in their preference for specific nuclear receptor partners (Mengeling et al., 2012). 
H12
H10
LBD
RARγ1 ARRRRPSQPY 374
RARβ2  IRKRRPSKPH 365
RARα1 VRKRRPSRPH 372
75 PSSPSPPPPPRVYKP RARγ1
66 PSPPSPLPPPRVYKP RARβ2
73 PSPPSPPPLPRIYKP RARα1
Hinge
DNA
cdk7/TFIIH
DBD
MSK1
NTD
H8
H9
Figure 5.1. RAR domains and phosphorylation sites. RARs share a domain organization 
with an unstructured N-terminal domain (NTD) and two well-structured domains: a central 
DNA binding domain (DBD) and a C-terminal ligand-binding domain (LBD). The phosphor-
ylation sites located in the NTD and the LBD are shown. For color detail, please see color 
plate section.
1   By definition RAR isotypes (or subtypes) refer to the three receptors (RARα or NR1B1, RARβ or NR1B2, 
RARγ or NR1B3) encoded by the cognate genes Rara, Rarb, Rarg. The RXR isotypes are: RXRα or 
NR2B1, RXRβ or NR2B2, RXRγ or NR2B3, encoded by the Rxra, Rxrb, and Rxrg genes. Isoforms of a 
given receptor are N-terminal variants generated by alternative promoter usage and/or splicing.
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Accordingly, though both NCoRs and SMRTs can bind RARα, numerous studies 
suggested that RARα preferentially recruits SMRTs (Cohen et al., 2001).
SMRTs and NCoRs do not harbor intrinsic enzymatic activities but serve as adap-
tors, recruiting high molecular weight complexes endowed with enzymatic activities 
such as histone deacetylase activity (HDACs) (Perissi et al., 2010) (Figure 5.2). In 
general, removal of acetyl groups from histone tails is one of the most important epi-
genetic process that induces chromatin condensation and prevents gene transcription 
(Kouzarides, 2007). HDACs are a large protein family, which contains 11 members 
that have been subdivided into 3 subclasses. Class I deacetylases (HDAC1–HDAC3) 
have been identified in a number of corepressor complexes associated with RARα.
It must be pointed out that DNA binding of the other RAR subtypes RARγ and 
RARβ, in the absence of ligand, is generally not related to repression. Indeed, in contrast 
to RARα, RARγ and RARβ poorly interact with corepressors and it has been proposed 
that in these receptors H12 interacts with H3 even in the absence of ligand, thus 
occluding the corepressor docking site (Farboud et al., 2003; Hauksdottir et al., 2003).
Finally, transcription repression in the absence of RA also involves other corepres-
sors, such as the multiple LIM domain-containing protein Ajuba (Hou et al., 2010). 
The LIM domains of Ajuba contain putative nuclear receptor binding motifs that 
interact strongly with RARs. Ajuba has been found at the RAREs of endogenous RAR-
target genes but the mechanism of its repressive activity remains to be determined.
B. Other Repressive Histone Marks
Other repressive histone marks, such as methylation of histone tails, especially bi 
and trimethylation of histone 3 at lysine 27 (H3K27me3) and at lysine 9 (H3K9me3) 
have been detected at the promoters of several RAR-target genes (Kashyap et al., 
DNMT
JARID1A
H3K4
HDAC PRC2 EZH2
SUZ12
JARID1A
G9α
Ring1A
Ring1B
RXR
HDAC
PRC1
Ajuba
CpG
Island
Ac
Ac
Me
Me Me Me
Me Me
Me
H3K9 H3K27 H2AK119
TranscriptionX
Me Me
UbMe
RAR
SMRT
DNMT
Figure 5.2. Repressive epigenetic landscape in the absence of RA. In the absence of a ligand, 
DNA-bound RARα maintains chromatin in a compacted repressive state through the recruit-
ment of Ajuba or SMRT, which functions as a platform for the recruitment of several subcom-
plexes with histone deacetylase activity (HDACs). Histones are also trimethylated at H3K9 and 
H3K27 and ubiquitinated at H2AK119, which are repressive marks. Methylation of H3K9 is 
written by G9α. H3K27me3 is written by both G9α and the EZH2 subunit of PRC2. It is also read 
by the PRC1 complex, which then ubiquitinates H2AK119. Both G9α and PRC2 are associated 
with JARID1A, which erases the activating H3K4me3 mark. They are also associated with 
DNMTs, which methylate DNA at CpG islands. For color detail, please see color plate section.
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2011; Le May et al., 2012; Yuan et al., 2012) (Figure 5.2). In the majority of cells, 
the methylation of H3K9 involves the methyltransferase G9α (Allis et al., 2007). 
Methylation of H3K27 involves mainly EZH2, which belongs with SUZ12 to 
the Polycomb group protein complex PRC2 that has been found associated with the 
CpG islands of several RA-target gene promoters in the absence of RA (Gillespie 
and Gudas, 2007a, 2007b) (Chapter 12 gives information on Polycomb group pro-
teins in stem cell differentiation). However, according to recent studies, G9α would 
also contribute to H3K27 methylation (Wu et al., 2011). How these methyltransfer-
ases are activated is still unclear, but recent studies performed with the canonical 
RA-target gene Cyp26a1 indicated that the recruitment and the activity of PRC2 
would be regulated by the density/compaction state of the neighboring nucleosomes 
(Yuan et al., 2012).
Another repressive mark is monoubiquitination of H2AK119, which is deposited 
by the polycomb group protein complex PRC1, through the E3 ubiquitin ligase 
activity of its Ring1A and Ring1B subunits (Lee et  al., 2007). PRC1 is recruited 
through recognition of the PRC2-mediated H3K27me3 mark but several recent 
studies evidenced a PRC2-independent mechanism (Barrero and Izpisua Belmonte, 
2013; He et al., 2013).
Remarkably, at several gene promoters, the PRC complexes recruit HDACs that 
cooperate for repression (Sparmann and van Lohuizen, 2006). In addition, G9α and 
PRC2 are associated with the demethylase JARID1A, which specifically erases the 
H3K4me3 activating mark (Chaturvedi et al., 2012). Thus, the cooperation between 
PRC2 and JARID1A is an elegant mechanism for transcription repression by the 
coordinated regulation of repressive and activating epigenetic marks.
In conclusion, the combination of H3K27 trimethylation, H2AK119 ubiquitina-
tion, and H3K4 demethylation, defines a repressed chromatin state at RAR target 
genes according to the histone code.
C. DNA Methylation
It is not only histone modifications but also DNA modifications such as DNA methyl-
ation that represent an important level of epigenetic regulation (Tollervey and Lunyak, 
2012). DNA methylation mainly occurs on cytosines in CpG islands and is directed by 
DNA methyltransferases (DNMTs). Generally, methylation of CpG islands near gene 
promoters is associated with gene repression. Indeed, the methyl groups interfere with 
binding of transcription factors to their cognate response elements and exclude the 
enzymes that confer active modifications, such as H3K4me3, and H3 or H4 acetylation 
(Hu and Rosenfeld, 2012).
It is worth noting that most CpG islands are embedded in Alu repeats, which 
contain the majority of the motifs recognized by RARs and are located adjacent to 
known RA target genes (Laperriere et al., 2007). Moreover, the Alu-located RAREs 
are specific to primates and it is thought that during evolution they arose from the 
specific deamination of the methylated CpG dinucleotide within the 3’AGTTCG 
motif. Therefore, it has been suggested that the inhibition of the RA responsiveness 
observed in diseases with increased CpG methylation may be correlated with an 
impairment of RAR binding at their response elements.
Finally DNMTs have been found to be associated with HDACs, PRC2, and G9α, 
suggesting that the complexes involved in DNA methylation and in the formation of 
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the histone repressive marks would cooperate in maintaining a repressed chromatin 
conformation (Hu and Rosenfeld, 2012).
IV. REORGANIZATION OF THE EPIGENETIC LANDSCAPE  
AFTER RETINOIC ACID ADDITION
A. The Coactivator Complexes and Generation  
of Activating Histone Marks
According to the classical model, RA binding to RARs induces conformational 
changes that promote the dissociation of the corepressors and create a new interac-
tion surface for coactivators, which include essentially the p160 subfamily of steroid 
receptor coactivators (SRCs), namely SRC-1 (also referred to as NCoA-1), SRC-2 
(TIF-2, GRIP-1), and SRC-3 (pCIP, ACTR, AlB1, TRAM1, RAC3) (Lefebvre et al., 
2005; Rosenfeld et al., 2006) (all events described in this section are illustrated in 
Figure 5.3).
RXR
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Figure 5.3. Reorganization of the epigenetic landscape after RA addition. Upon RA 
binding, RARs bind the p160 coactivators associated with several proteins, exemplified by 
pCAF, p300/CBP, CARM1, and PRMT1, which deposit activating histone marks. P160s, pCAF 
and p300/CBP acetylate lysines in H3 (H3K14, H3K9), H4 and H2B. PRMT1 methylates H4R3 
and CARM1 methylates H3R26 and H3R17. These modifications decompact chromatin and 
create marks for the recruitment of the nucleosome remodeling SWI/SNF complex through 
BRG1. pCAF also belongs to the STAGA complex which removes ubiquitin from H2A and H2B. 
RARs also bind MLL5, which after GlcNacylation by OGT, trimethylates H3K4. This creates an 
activating mark, which is recognized by JMJD2D that erases the H3K9me3 repressive mark. 
This step requires prior dePARsylation of JMJD2D by PARG. H3K4 is also trimethylated by the 
MLL2/3 complex, a multisubunit complex where UTX erases the repressive H3K27me3 mark 
and WDR5 recruits the chromatin remodeling complex NURF. Finally, AID, TDG and GADD45a 
promote DNA demethylation. All these events converge towards chromatin decompaction 
and remodeling. For color detail, please see color plate section.
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The p160 coactivators have an intrinsic histone acetyltransferase (HAT) 
activity and acetylate several lysine residues in H3 and H4 (Allis et  al., 2007). 
According to recent structural studies (Brelivet et al., 2012; Osz et al., 2012), one 
coactivator molecule is recruited by the heterodimer through the RAR partner and 
the architecture of the DNA bound receptors complexes orients the coactivator on 
one side of the DNA so that it can reach its targets, the histone tails.
The p160 coactivators are also platforms that coordinate the dynamic recruit-
ment of other proteins endowed with HAT or histone methyltransferase (HMT) 
activities (Figure  5.3). Acetylation and methylation weaken histone DNA con-
tacts, and thus promote access to DNA. These modifications also create marks, 
which form a “histone code” for the recruitment of additional HATs or HMTs to 
histones for further chromatin decompaction (Cosgrove et al., 2004; Ruthenburg 
et al., 2007). They also orchestrate the recruitment of ATP-dependent nucleosome 
remodeling complexes, such as the SWI/SNF complex through the bromodomain 
of the central ATPase, BRG1. These complexes use the energy of ATP hydrolysis 
to reposition nucleosomes through sliding them in cis or displacing them in trans, 
allowing the formation of nucleosome-free or nucleosome-spaced regions at the 
promoter.
The p160 coactivators recruit p300/CBP (CREB binding protein) and pCAF 
(p300/CBP-associated factor), which acetylate lysine residues in H2B, H3, and H4 
(Rosenfeld et al., 2006; Allis et al., 2007; Berndsen and Denu, 2008). The recruit-
ment of the p160 coactivators, p300/CBP and pCAF with RARs at the RAREs of 
several RA-target genes has been correlated with the acetylation of H3K9 and H3K14 
(Gillespie and Gudas, 2007a, 2007b; Kashyap and Gudas, 2010). pCAF also belongs 
to the multisubunit STAGA complex which contains a module of three subunits 
(ATXN7L3, USP22, and ENY2) that specifically removes the ubiquitin moiety from 
monoubiquitinated H2A and H2B, counteracting the chomatin silencing mediated 
by the PRC1 complex (Zhao et al., 2008). This module has been shown to act as a 
positive cofactor for activation of nuclear receptors in vivo. The p160 coactivators 
also recruit histone arginine methyltransferases (HMTs), such as CARM1 (coactiva-
tor-associated arginine methyltransferase 1) or PRMT1 (protein-arginine methyltrans-
ferase 1) (Rosenfeld et al., 2006). The former methylates H3R17 and H3R26, while 
the latter rather methylates H4R3 (Kato et al., 2011).
Remarkably, complexes with lysine methyltransferase activity have been 
observed at the promoters of RA-target genes. They belong to the SET/MLL (mixed-
lineage leukemia) histone methyltransferase family and deposit active methylation 
marks such as trimethylation of H3K4 (H3K4me3). Among these complexes there is 
MLL5, which interacts with the RARα subtype and has been identified in HL60 cells 
differentiated in response to RA (Fujiki et al., 2009). Interestingly, the methylase 
activity of MLL5 depends on its prior GlcNacylation by an associated O-GlcNac 
transferase (OGT). There is also MLL2/3, which has been observed at the promoters 
of the HOXA1-3 and HOXB1-3 genes in RA-treated human embryonic cells (Lee 
et  al., 2007) and which requires the core subunits ASH2L and WDR5 for HMT 
activity. Note that WDR5, a WD repeat domain protein, also recruits HATs and 
nucleosome remodeling factor complexes such as NURF (Wysocka et  al., 2006) 
or CHD8 (Thompson et al., 2008). Thus, H3K4 methylation is also associated with 
nucleosome remodeling.
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MLL complexes also participate in the elimination of repressive marks. Indeed, 
MLL1/2 contains UTX (Lee et al., 2007), a Jumonji C (JMJC) domain-containing 
protein that erases the H3K27me3 repressive mark (Klose et al., 2006). Moreover, 
the H3K4me3 mark deposited by MLL is recognized by JMJD2D, another Jumonji 
domain-containing protein, which erases the H3K9me3 repressive mark. According 
to a recent study, this step requires the dePARsylation of JMJD2D by PARG, a poly 
(ADP-Ribose) glycohydrolase, which is corecruited at the RAR-dependent pro-
moters in response to RA (Le May et al., 2012). Thus, due to their varied composi-
tion, the MLL complexes provide an elegant mechanism to reorganize chromatin 
through writing activating histone marks (H3K4me3), erasing repressive marks 
(H3K9me3 and H3K27me3), and remodeling nucleosomes.
It is important to note that the genes transcriptionally activated by RA in a rapid 
manner commonly reside in bivalent chromatin regions that are rich in both acti-
vating and repressive marks (Pan et al., 2007). Thus, they are in a poised state and 
their induction by RA has been associated with an increase in the activating/repres-
sion ratio (Chapter 12).
Finally, optimal histone modifications (H3K4 methylation, H3K9 demethyl-
ation and H3K9/14 acetylation) at RAR target genes were recently found to require 
the recruitment of nucleotide excision repair (NER) proteins (XPC, XPA, and XPG, 
XPF/ERCC1/Gadd45 (Le May et al., 2010). Thus, the NER factors can be part of 
transcription complexes that are distinct from the repair ones, increasing the com-
plexity of the transcription processes.
B. DNA Demethylation in Response to Retinoic Acid
The fact that DNA methylation at CpG sites is generally associated with gene repres-
sion raises the possibility that the activation of RA target genes would require DNA 
demethylation. Interestingly, a recent study revealed that RAR–RXR heterodimers 
bound at their response elements can promote active DNA demethylation via the 
recruitment of the DNA repair enzyme thymine DNA glycosylase (TDG), together 
with the damage response protein GADD45a and the activation-induced cytidine 
deaminase (AID) (Cortellino et  al., 2011) (Figure  5.3). The authors suggested a 
two-step mechanism whereby 5-methylcytosine and 5-hydroxymethylcytosine are 
first deaminated by AID to thymine and 5-hydroxymethyluracil, respectively, fol-
lowed by TDG-mediated thymine and 5-hydroxymethyluracil excision repair.
V. NONCODING RNAs IN THE REGULATION  
OF THE EPIGENETIC LANDSCAPE
New evidence indicates that there is a dynamic interplay of chromatin modifying and 
DNA methylation components with nonprotein coding RNAs (ncRNAs). The 
ncRNAs include microRNAs (miRNAs), long noncoding RNAs (lnRNAs), PIWI 
RNAs (piRNAs), short heterochromatic RNAs (shRNAs), and endogenous short 
interfering RNAs (endo-siRNAs) (Mattick and Makunin 2005).
Usually ncRNAs target mRNAs for translational inhibition or destruction by 
RNA-Induced Silencing Complex (RISC)-mediated cleavage. Accordingly, a number 
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of recent publications highlighted that RA induces the expression of several miR-
NAs, which participate in the RA-induced modifications of the epigenetic landscape 
through their potential to degrade mRNAs encoding coregulators. As an example, 
RA has been shown to increase miR-10a, which targets SMRT and HDACs (Takahashi 
et al., 2012). RA also induces miR-214, which inhibits the translation of EZH2 with 
an impact on the repressive marks controlled by PRC2 (Juan et al., 2009).
However, according to other reports, ncRNAs may also contribute to transcrip-
tional control via the epigenetic regulation of chromatin structure (Wassenegger, 
2005). This is exemplified by miR-223, which is markedly increased upon 
RA-induced granulocytic differentiation of hematopoietic progenitors (Zardo et al., 
2012a, 2012b). miR-223 binds complementary sequences located in gene promoters, 
such as the NFI-A gene promoter, and drives the recruitment of the PRC1 and PRC2 
repressor complexes. The final effect is an increase in H3K27 methylation and in 
DNA hypermethylation. Consequently, the cells progress towards myeloid 
differentiation and the erythroid lineage is blocked. It is also exemplified by the let-7 
miRNA, which is upregulated by RA in myeloid hematopoietic cells. This miRNA 
increases the repressive H3K27me3 marks at target genes and, thus, contributes to 
granulocytic differentiation (Pelosi et al., 2012).
Remarkably, the genes that are repressed by ncRNAs play a crucial role in cell 
fate determination. They are not direct RAR targets but their transcription start site is 
characterized by the presence of bivalent domains with the simultaneous presence of 
the activating (H3K4me3) and repressive (H3K27me3) marks (Tollervey and Lunyak, 
2012). It has been proposed that the RA-induced ncRNAs would contribute to the 
repression of their epigenetic landscape as guides or scaffolds for chromatin remod-
eling/modifying complexes (Khalil et al., 2009; Tollervey and Lunyak, 2012).This 
reveals a novel mechanism of action of RA and opens promising avenues in the reg-
ulation of genes involved in regulatory circuits.
VI. BACK TO A REPRESSIVE EPIGENETIC LANDSCAPE 
WHEN TRANSCRIPTION TURNS “OFF”
Eventually after the “ON” switch, transcription of the RA target genes has to be ter-
minated. Several scenarios have been proposed but it is still unclear whether these 
mechanisms function mainly according to a gene or cell type specificity. One scenario 
is based on the recruitment by liganded RARs of unconventional coregulators with 
LxxLL motifs, which, in contrast to the classical p160 SRCs, inhibit the transcription 
activity of RARs. These coregulators include the 140kDa Receptor Interacting Protein 
(RIP140/NRIP1) (Wei et  al., 2000), Transcription Intermediary Factor-1 alpha 
(TIF1α/TRIM24) (Le Douarin et  al., 1995), Preferentially Expressed Antigen in 
MElanoma (PRAME) (Epping et al., 2005), and SUG-1 (vom Baur et al., 1996).
The repressive activities of RIP140 have been attributed to the recruitment of 
HDACs, which deacetylate and recompact histones (Wei et al., 2000; Fernandes 
et al., 2003). TIF1α also interacts with HDACs (Nielsen et al., 1999) but according 
to recent studies it would also act as a coactivator (Herquel et al., 2011) and would 
have an E3 ubiquitin ligase activity (Jain and Barton, 2009), enlarging the potential 
functions of this coregulator. Concerning SUG-1, it is one of the six AAA ATPases 
0002212773.indd   101 1/23/2015   6:36:28 PM
167
102  CONTROL OF GENE EXPRESSION BY NUCLEAR RETINOIC ACID RECEPTORS
of the 19S regulatory complex of the 26S proteasome, and our laboratory showed 
that it recognizes RARs and the coactivator SRC-3 for their proteasomal degrada-
tion (Gianni et al., 2002; Ferry et al., 2009). In contrast, PRAME would exert its 
repressive function by recruiting the EZH2 subunit of the PCR2 complex (Epping 
et al., 2005). In fact, given that it is expressed essentially in cancers, PRAME would 
not be involved in the termination of transcription but rather in the RA resistance 
of such cancers.
VII. PHOSPHORYLATION: ANOTHER POST-TRANSLATIONAL 
MODIFICATION CODE INDUCED BY RETINOIC ACID
A. Retinoic Acid Activates Kinase Cascades Integrated  
in the Nucleus
Today, it is admitted that RARs have a number of extranuclear effects. In line with 
this concept, the RARα subtype has been recently found in lipid rafts isolated 
from the membranes of several cell types (Masia et  al., 2007; Piskunov and 
Rochette-Egly, 2012). This unexpected extranuclear localization has been corre-
lated to the rapid and transient activation of kinase cascades observed in response 
to RA (Figure 5.4).
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Figure 5.4. Activation of kinase cascades by RA. In response to RA, a subpopulation of 
RARα present in membrane lipid rafts activates kinase cascades. In various epithelial and 
fibroblast cells, RA activates p38MAPK, via the interaction of RARα with Gαq. In neuronal 
cells RA activates p42/44 via RARα and PI3K. RA also activates p42/44MAPK via RARγ and 
Src. The activated p38 and p42/44 MAP kinases translocate to the nucleus where they phos-
phorylate MSK1. In other cell types, RA can activate PKCδ or CK2.
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Indeed, in fibroblasts, mouse embryonal carcinoma cells, mammary breast 
tumor cells, and leukemia cells, RA activates the p38MAPK pathway (Alsayed et al., 
2001; Gianni et al., 2002; Bruck et al., 2009) via the formation of complexes bet-
ween RARα and Gαq proteins in lipid rafts (Piskunov and Rochette-Egly, 2012). In 
contrast, in neuronal, Sertoli and embryonic stem cells, RA rather activates p42/44 
MAPKs (ERKs) via PI3K or the Src kinase (Dey et al., 2007; Chen and Napoli 2008; 
Stavridis et al., 2010). Finally, in other cell types, RA has been shown to activate 
PKCδ (Kambhampati et al., 2003) and casein kinase (CK) 2 (Zheng et al., 2011). 
Altogether these results indicate that, depending on the cell type, the extranuclear 
effects of RA involve different mechanisms and kinase cascades.
Then the RA-activated kinases translocate to the nucleus where they phos-
phorylate several targets (Figure 5.4). One of these targets is MSK1 (mitogen- and 
stress-activated protein kinase), which can be activated through both p38MAPK 
and ERKs (Piskunov and Rochette-Egly, 2011). Remarkably, several other nuclear 
proteins involved in the transcription of the RA target genes integrate MAPK and 
MSK1 signaling and become phosphorylated in response to RA.
B. Phosphorylation of Histones and RAR Coregulators
Signaling pathways including MAPKs are considered as integrators dispensing 
decisions to the downstream cellular and transcription machineries that coordinately 
manage major cellular fates. Accordingly, RA-activated MSK1 is recruited at RAR 
target promoters and phosphorylates H3S10 (Bruck et al., 2009)(Figure 5.5). This mark 
has been correlated to the acetylation of H3K14 and the recruitment of the SWI/SNF 
ATP-dependent chromatin-remodeling complex (Bruck et  al., 2009; Piskunov and 
Rochette-Egly, 2011). MSK1 also phosphorylates S28 on H3 tails that are methylated 
at K27 by PRC2 at RA target genes. This phosphorylation induces the displacement of 
PRC2 and the activation of the corresponding genes (Gehani et al., 2010).
Remarkably, not only MSK1 but also the upstream kinases, p38MAPK as 
well as ERKs, phosphorylate several actors of RA signaling including corepressors 
and coactivators. The important point is that phosphorylations alter protein structure, 
protein–protein interactions, and protein activity, thus constituting an important cellular 
integration mechanism.
As an example, the phosphorylation of the corepressor SMRT by MAPKs has 
been shown to release SMRT from RARα (Jonas et al., 2007) and to disrupt its inter-
action with HDACs and other proteins of the corepressor complexes, such as TBL1 
(Transducin β-like 1) and TBLR1 (TBL1-related protein 1) (Varlakhanova et al., 
2011). Consequently, the architecture, composition and function of the corepressor 
complexes are disrupted. TBLR1 is also phosphorylated within minutes at RAR 
target promoters (Perissi et al., 2008). The current model is that phosphorylation 
of this adaptor mediates the recruitment of the ubiquitin proteasome system for the 
ubiquitination and degradation of NCoR, SMRT, and HDACs. Finally, HDAC2 has 
been shown to be phosphorylated by CK2 in response to RA and this phosphor-
ylation promotes its dissociation from RARα (Zheng et al., 2011). It has been 
proposed that the phosphorylation-dependent dissociation and degradation of 
components of the corepressor complexes would mediate the exchange of core-
pressor for activator complexes.
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Coactivators are also phosphorylated in response to RA (Gianni et al., 2006). 
For instance, the p160 coactivator SRC-3 is phosphorylated by p38MAPK at a 
serine residue located in the vicinity of the RAR-binding domain. Phosphorylation 
of this residue results in the dissociation of SRC-3 from RARα. It also marks 
SRC-3 for ubiquitination and degradation by the proteasome (Ferry et al., 2011). It 
has been proposed that this phosphorylation–ubiquitination–degradation process 
would facilitate the dynamics of RARs-mediated transcription by allowing other 
coregulators to bind. The other components of the coactivator complexes, such as 
p300/CBP, can be also phosphorylated by several kinases in response to various 
signaling pathways (Perissi and Rosenfeld, 2005; Perissi et al., 2008), but whether 
they are phosphorylated in response to RA would require further investigation. 
Nevertheless, it must be kept in mind that, overall, coregulators can integrate sev-
eral signals that fine-tune their exchanges and, thus, their ability to modulate RAR 
transcriptional activity.
C. Phosphorylation of RARs
For several years, RARs have been known to be phosphoproteins and several phos-
phorylation sites have been identified (Rochette-Egly, 2003; Srinivas et al., 2005). 
Our laboratory has shown that in response to RA, RARs become phosphorylated 
at two main serine residues (Bruck et al., 2009)(Figure 5.1). One serine is located in 
the LBD (S369 in RARα), in the loop between H9 and H10. It belongs to an arginine–
lysine-rich motif and is phosphorylated by MSK1 (Bruck et al., 2009). The other 
serine belongs to a proline-rich motif located in the NTD (S77 in RARα) and is 
phosphorylated by the cdk7/cyclin H/MAT1 subcomplex of the general transcrip-
tion factor TFIIH (Rochette-Egly et al., 1997). The striking point is that the correct 
positioning of the cdk7 kinase and, thereby, the efficiency of the NTD phosphoryla-
tion relies on the docking of cyclin H at a specific site of the LBD located in loop 
L8–9 (Bour et al., 2005a) and on the phosphorylation of S369, located at a 30 Å 
distance, in loop L9–10 (Gaillard et  al., 2006; Bruck et  al., 2009). Molecular 
dynamics simulations of the RARα LBD showed that phosphorylation of S369 
by MSK1 leads to changes in the structural dynamics of loop L8–9, which has been 
correlated with an increase in cyclin H binding and, therefore, in phosphorylation of 
the NTD at S77 by cdk7 (Samarut et al., 2011; Chebaro et al., 2013).
Most importantly, these two residues are conserved between mammalian 
RARs and the RARγ subtype is also phosphorylated at these residues (Rochette-
Egly et al., 1995; Bastien et al., 2000; Lalevee et al., 2010) via a similar cascade 
(our unpublished observations). Moreover, the serine located in the NTD has 
been conserved during the evolution of chordates (Samarut et al., 2011), indi-
cating that its phosphorylation would play a robust role in RAR activity. Indeed, 
in Xeroderma Pigmentosum patients with mutations affecting subunits of the 
core of TFIIH, the NTD of RARα is not efficiently phosphorylated by cdk7, with 
downstream consequences on the expression of RAR-target genes (Keriel et al., 
2002) which have been correlated to the clinical and developmental abnormal-
ities of the patients.
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A number of studies from our laboratory performed with mouse embryonal 
carcinoma cells (F9 cell line) and embryonic stem (ES) cells expressing RARγ 
phosphomutants in a RARγ-null background, indicated that phosphorylation of 
the N-terminal serine is required for their differentiation into primitive endoderm 
(Taneja et  al., 1997) and neurons (Al Tanoury et  al., 2014), respectively. These 
experiments also demonstrated that phosphorylation of this serine controls the 
expression of several RAR target genes (Taneja et al., 1997; Gianni et al., 2002; 
Bruck et al., 2009) and promotes the recruitment of RARs to canonical DR5 RAREs 
(Bruck et al., 2009).
How does phosphorylation affect these regulatory events? A striking point is 
that the N-terminal serine belongs to a proline-rich motif (PRM), which is in the 
vicinity of the DBD. PRMs are known to bind proteins with SH3 (Src-homology-3) 
or WW (tryptophan–tryptophan) domains, with phosphorylation preventing or 
favoring the interaction (Macias et al., 2002). Our laboratory has identified a new 
partner of the PRM of the RARγ subtype, vinexinβ (Bour et al., 2005b), which is 
an adaptor characterized by the presence of three SH3 domains, the third one inter-
acting with the PRM of RARγ. This interaction concerns the nonphosphorylated 
form of RARγ and represses RARγ-mediated transcription via the sequestration of 
the receptor out of chromatin (Lalevee et al., 2010). Recently, the combination of 
NMR, circular dichroism, small-angle X-ray scattering (SAXS), and molecular 
dynamics simulations revealed that phosphorylation of the serine residue located 
in the PRM of RARγ decreases the propensity of the PRM to bind SH3 domains 
(Kieffer, Dejaegere and Rochette-Egly, unpublished results); thereby, vinexinβ 
dissociates from RARγ, allowing the binding of the receptor to DNA (Lalevee 
et al., 2010).
Finally, at the end of the transcription process, phosphorylation of the NTD 
promotes the degradation of RARγ by the ubiquitin–proteasome system (Kopf 
et al., 2000; Gianni et al., 2002). RARα is also degraded (Kopf et al., 2000; Ferry 
et al., 2009) and this process has been correlated to the binding of the proline 
isomerase Pin1 (Protein interacting with NIMA [never in mitosis A]) (Brondani 
et al., 2005; Gianni et al., 2009), a WW domain-containing protein that induces 
cis–trans isomerization of the proline residues that follow phosphorylated serines 
in order to create new specific recognition sites for interacting factors (Wulf 
et al., 2005).
D. Phosphorylation of Other Transcription Factors
The RA-activated kinases can also phosphorylate other factors involved in the 
regulation of genes that are not RAR targets, thus expanding the spectrum of their 
biological activities. As an example, in RA-treated P19 cells, the activated ERKs 
phosphorylate TR2 (Testicular nuclear receptor 2), which then becomes a repressor 
of the Oct4 (octamer-binding transcription factor 4) gene, thus facilitating the 
differentiation program that is expected to take place in response to RA (Gupta 
et al., 2008).
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VIII. TWO MODELS FOR THE ACTIVATION OF RAR TARGET  
GENES VIA A SEA OF POST-TRANSLATIONAL MODIFICATIONS 
AND EPIGENETIC CHANGES
A. When Promoters are Occupied by RARs in the Absence  
of RA: From Repression to Activation
This model is illustrated in Figure 5.5A. When RARs are constitutively bound to 
their DNA targets, ligand binding is the crucial molecular event that switches tran-
scription from repression to activation. This switch relies on conformational changes 
in the LBD, which dictate the exchange of coregulators. Consequently, the epige-
netic landscape at the promoters is reorganized, with a less condensed, transcription-
ally permissive chromatin, which paves the way for the recruitment of the 
transcription machinery (Dilworth and Chambon 2001; Rosenfeld et  al., 2006), 
including RNA polymerase II and the general transcription factors.
However, today it is clear that the RA-activated kinase pathways provide addi-
tional layers of regulation of this switch through a phosphorylation code. This is 
exemplified by the phosphorylation of the corepressors and coactivators, which pro-
motes their dissociation from RARs and their degradation by the proteasome. Such 
a code facilitates the exchange of coregulator complexes and the reorganization of 
the epigenetic landscape. The kinases also phosphorylate histones, introducing addi-
tional marks for the subsequent recruitment of activating complexes and the disso-
ciation of the repressive ones. Finally, the phosphorylation of RARs signals their 
degradation by the ubiquitin proteasome system in order to stop the transcriptional 
process (Bour et al., 2007).
B. When Promoters are not Accessible to RARs  
in the Absence of RA
According to recent ChIP-seq profiles, only a small subset of sites are constitutively 
occupied by RARs and an additional set of sites becomes occupied only in the 
presence of RA (Bruck et al., 2009; Delacroix et al., 2010; Mahony et al., 2011; 
Moutier et al., 2012). This raises the question of how RARs are recruited to DNA. 
Some of the molecular events that can explain such a recruitment are schematized 
in Figure 5.5B.
One possibility is that in the absence of RA, the binding sites are not accessible 
due to a compact epigenetic landscape. This implies that a prerequisite to RAR 
binding would be rapid epigenetic modifications of chromatin and DNA in order to 
alleviate compaction. Candidates for triggering this chromatin reorganization might 
be the RA-activated kinases, which phosphorylate histones as well as several protein 
complexes involved in activating chromatin modifications. Indeed, histone phosphor-
ylation occurs rapidly (within minutes) at RAR target promoters in response to RA, 
and is a mark for the recruitment of HATs and remodeling complexes. Histone phos-
phorylation also induces the displacement of the complexes involved in chromatin 
compaction, such as PRC2 (Gillespie and Gudas, 2007a, 2007b; Gehani et al., 2010).
Another possibility is that in the absence of RA, RARs are sequestrated out of 
DNA due to their interaction with coregulators. In line with such a hypothesis is 
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our recent work showing that, in the absence of RA, the interaction of the PRM of 
RARγ with vinexinβ impedes DNA binding. The interesting point is that the rapid 
phosphorylation of the serine residue located in the PRM of RARγ induces the 
dissociation of vinexinβ and DNA binding of the receptor (Lalevee et al., 2010).
Finally, when RARs are recruited to DNA it is evident that phosphorylation 
would also facilitate the dynamics of the association–dissociation of the different 
coactivators for further chromatin decompaction and recruitment of the transcription 
machinery.
Figure 5.5. Two models for the activation of RA target genes. (A) First model. Promoters 
occupied by RARs in the absence of RA. In the absence of RA (left side, circled A), RA 
response elements are occupied by RARs, which are associated with corepressors and 
maintain chromatin in a repressive state. RA induces conformational changes in RARs, 
which promote the dissociation of corepressors and the recruitment of coactivator 
complexes, which acetylate and methylate histones and decompact chromatin (B). RA also 
activates MAPKs and MSK1. The phosphorylation of SMRT, HDACs, and other components 
of the corepressor complexes (2) promotes their dissociation and their degradation by the 
proteasome. The phosphorylation of p160 coactivators (3) also promotes their dissociation 
and degradation, allowing the recruitment of other coregulators. The phosphorylation of 
histones (4) induces the dissociation of the repressive PRC2 complex and the recruitment 
of HATs and remodeling complexes. In ne, these events cooperate to decompact 
chromatin at the promoters and pave the way for the recruitment of the transcription 
machinery (C). (GTFs, general transcription factors.). For color detail, please see color plate 
section.
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Figure 5.5. (Continued) (B) Second model.  Promoters not accessible to RARs in the 
absence of RA. In the absence of RA, most RA response elements are not accessible in com-
pacted chromatin and are not occupied by RARs. RA activates the MAPK/MSK1 signaling 
pathway, which targets histones (1) and the LBD of RARs (2). Histone phosphorylation 
induces the departure of PRC2 and creates marks for the recruitment of complexes with 
HAT and ATPase activities, which decompact and remodel chromatin. Phosphorylation of 
RARs in their LBD induces conformational changes that allow the docking of cyclin H/cdk7 
and the phosphorylation of the NTD. Thus, histone and RAR phosphorylation converge to 
facilitate the recruitment of RARs at their response elements (3). Next, liganded and DNA-
bound RARs recruit coactivator complexes, which decompact and further remodel 
chromatin. Coactivator phosphorylation (4) leads to their dissociation and degradation by 
the proteasome, thus facilitating the dynamics of coregulators exchange. In fine, all these 
events decompact chromatin at the promoters, allowing recruitment of the transcription 
machinery (5). For color detail, please see color plate section.
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IX. ABERRANT EPIGENICS IN CANCER: CONSEQUENCES  
ON THE RETINOIC ACID RESPONSE
From the data reviewed above, it appears that the integrity of the epigenetic landscape 
and of the signaling pathways or “kinome” are required for the proper activity of RARs, 
and for the proper control of cell proliferation versus differentiation. Consequently, it 
can be speculated that their deregulation would have deleterious downstream effects.
Accordingly, a gain in repressive marks is a common theme in several cancers 
and is implicated in the block of cell differentiation and in hyperproliferation (Mills, 
2010). Retinoic acid (as well as synthetic retinoids) is currently used in the treatment 
of several cancers to alleviate the repressive marks and restore normalcy (Altucci 
et al., 2007).
The best example is acute promyelocytic leukemia (APL), in which maturation of 
the granulocytic lineage arrests at the level of the promyelocyte. In most cases, APL 
results from the production of an oncogenic PML–RARα protein due to a chromo-
somal t(15;17) translocation. At the molecular level, PML–RARα has gained an 
expanded capacity to bind DNA and to recruit HDACs (Altucci and Gronemeyer, 
2001), DNA methyltransferases complexes (Di Croce et al., 2002), and PRC2 (Villa 
et al., 2007), resulting in aberrant repressive marks at DNA and histones. Remarkably, 
in contrast to RARα, PML–RARα is insensitive to physiological concentrations of RA 
and requires higher pharmacological concentrations to overcome the transcription 
block (Altucci and Gronemeyer, 2001) and induce large-scale activating epigenetic 
changes at thousands of gene loci (Martens et al., 2010). Importantly, these changes 
are not triggered by the release of the repressive complexes from PML–RARα but by 
the rapid loss of the fusion protein at the DNA-binding sites and the subsequent recruit-
ment of RARα with activating complexes (Martens et al., 2010; Cassinat et al., 2011).
As in many cancers, HDACs, DNA methyltransferases, and the components 
of the PRC2 complex are overexpressed, therapeutic combinations associating RA 
with epigenetic drugs have been developed and found to be more effective than 
RA alone. Indeed, RA has been synergized with HDAC inhibitors (trichostatin A, 
valproic acid) or DNA methyltransferase inhibitors (5-Aza-dC) to promote cell 
differentiation and arrest the growth of several cancer types (Altucci et al., 2007; 
Tang et  al., 2009). Novel drugs targeting EZH2 are currently being developed 
(Knutson et al., 2012).
Finally, not only the epigenetic landscape but also the kinome proved to be 
affected in several diseases and cancers, leading to defects in the RA response. Thus, 
it can be postulated that restoring aberrant signaling to normalcy would be another 
approach to cancer therapy. One example is that of RA-resistant APL cells, which 
undergo differentiation when RA or other retinoids are combined with agents raising 
cAMP-dependent protein kinase activity (Parrella et al., 2004; Altucci et al., 2005) 
or with G-CSF that activates the MAPK pathway (Cassinat et al., 2011). The former 
observation has been correlated with the dissociation of corepressor complexes and 
the latter with the phosphorylation of histones. On the contrary, other RA-resistant 
cancers characterized by aberrant kinase activities regained RA sensitivity in the 
presence of specific kinase inhibitors (Duong and Rochette-Egly, 2011). In conclusion, 
it appears that, depending on the cancer type, different types of drugs can synergize 
for restoring the proper differentiation and proliferation of the cells.
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X. CONCLUSION AND FUTURE PROSPECTS
Recent research has highlighted that RA controls an ever-growing number of inter-
related epigenetic mechanisms. Indeed, in addition to its ability to regulate transcrip-
tion via the “classical” changes in RAR conformation and coregulator association/
dissociation, RA has been found to activate kinase signaling pathways via extranu-
clear and nontranscriptional mechanisms. Through the phosphorylation of histones, 
RARs and their coregulators, these kinases control the dynamics of the coregulator’s 
assembly and pave the way for a multitude of additional epigenetic changes. A 
number of histone PTMs marking RAR-target genes have already been identified, 
but novel PTMs occurring in the globular domain of core histones continue to be 
discovered (Tan et al., 2011; Tropberger et al., 2013). These should open new ave-
nues in the mechanisms of regulation of RA-target gene expression. Finally, RA also 
induces noncoding RNAs, which modulate the epigenome of an increasing number 
of genes involved in cell fate determination.
Future investigations of the epigenetic landscape will be needed to decipher the 
mechanisms of stem cells pluripotency and lineage commitment after RA addition 
(see also Chapter  12). Given that aberrant epigenetic landscapes contribute to 
malignancy, new visions of the regulatory networks should provide new clues into 
cancer pathogenesis and should generate novel approaches to cancer treatment.
REFERENCES
Allis CD, Berger SL, Cote J, et al. 2007. New nomenclature for chromatin-modifying enzymes. 
Cell 131:633–636.
Alsayed Y, Uddin S, Mahmud N, et al. 2001. Activation of Rac1 and the p38 mitogen-activated 
protein kinase pathway in response to all-trans-retinoic acid. J Biol Chem 276:4012–4019.
Al Tanoury Z, Gaouar S, Piskunov A, et al. 2014. Phosphorylation of the retinoic acid receptor 
RARγ2 is crucial for the neuronal differentiation of mouse embryonic stem cells. J Cell Sci 
127:2095–2105.
Altucci L, Gronemeyer H. 2001. The promise of retinoids to fight against cancer. Nat Rev 
Cancer 1:181–193.
Altucci L, Rossin A, Hirsch O, et al. 2005. Rexinoid-triggered differentiation and tumor-selective 
apoptosis of acute myeloid leukemia by protein kinase A-mediated desubordination of reti-
noid X receptor. Cancer Res 65:8754–8765.
Altucci L, Leibowitz MD, Ogilvie KM, et al. 2007. RAR and RXR modulation in cancer and 
metabolic disease. Nat Rev Drug Discov 6:793–810.
Barrero MJ, Izpisua Belmonte JC. 2013. Polycomb complex recruitment in pluripotent stem 
cells. Nat Cell Biol 15:348–350.
Bastien J, Rochette-Egly C. 2004. Nuclear Retinoid receptors and the transcription of retinoid-
target genes. Gene 328:1–16.
Bastien J, Adam-Stitah S, Riedl T, et al. 2000. TFIIH interacts with the retinoic acid receptor 
gamma and phosphorylates its AF-1-activating domain through cdk7. J Biol Chem 275: 
21896–21904.
vom Baur E, Zechel C, Heery D, et al. 1996. Differential ligand-dependent interactions bet-
ween the AF-2 activating domain of nuclear receptors and the putative transcriptional 
intermediary factors mSUG1 and TIF1. EMBO J 15:110–124.
0002212773.indd   110 1/23/2015   6:36:32 PM
176
REFERENCES 111
Berndsen CE, Denu JM. 2008. Catalysis and substrate selection by histone/protein lysine 
acetyltransferases. Curr Opin Struct Biol 18:682–689.
Bour G, Gaillard E, Bruck N, et  al. 2005a. Cyclin H binding to the RARalpha activation 
function (AF)-2 domain directs phosphorylation of the AF-1 domain by cyclin-dependent 
kinase 7. Proc Natl Acad Sci USA 102:16608–16613.
Bour G, Plassat JL, Bauer A, et al. 2005b. Vinexin beta interacts with the non-phosphorylated 
AF-1 domain of retinoid receptor gamma (RARg) and represses RARg-mediated tran-
scription. J Biol Chem 280:17027–17037.
Bour G, Lalevee S, Rochette-Egly C. 2007. Protein kinases and the proteasome join in the 
combinatorial control of transcription by nuclear retinoic acid receptors. Trends Cell Biol 
17:302–309.
Brelivet Y, Rochel N, Moras D. 2012. Structural analysis of nuclear receptors: from isolated 
domains to integral proteins. Mol Cell Endocrinol 348:466–473.
Brondani V, Schefer Q, Hamy F, Klimkait T. 2005. The peptidyl-prolyl isomerase Pin1 regu-
lates phospho-Ser77 retinoic acid receptor alpha stability. Biochem Biophys Res Commun 
328:6–13.
Bruck N, Vitoux D, Ferry C, et al. 2009. A coordinated phosphorylation cascade initiated by 
p38MAPK/MSK1 directs RARalpha to target promoters. EMBO J 28:34–47.
Cassinat B, Zassadowski F, Ferry C, et al. 2011. New role for granulocyte colony-stimulating 
factor-induced extracellular signal-regulated kinase 1/2 in histone modification and retinoic 
acid receptor alpha recruitment to gene promoters: relevance to acute promyelocytic leu-
kemia cell differentiation. Mol Cell Biol 31:1409–1418.
Chaturvedi CP, Somasundaram B, Singh K, et al. 2012. Maintenance of gene silencing by the 
coordinate action of the H3K9 methyltransferase G9a/KMT1C and the H3K4 demethylase 
Jarid1a/KDM5A. Proc Natl Acad Sci USA 109:18845–18850.
Chebaro Y, Amal I, Rochel N, et al. 2013. Phosphorylation of the Retinoic Acid Receptor 
alpha induces a mechanical allosteric regulation and changes in internal dynamics. PLoS 
Comput Biol 9:e1003012.
Chen N, Napoli JL. 2008. All-trans-retinoic acid stimulates translation and induces spine formation 
in hippocampal neurons through a membrane-associated RARalpha. FASEB J 22:236–245.
Cohen RN, Brzostek S, Kim B, et al. 2001. The specificity of interactions between nuclear 
hormone receptors and corepressors is mediated by distinct amino acid sequences within 
the interacting domains. Mol Endocrinol 15:1049–1061.
Cortellino S, Xu J, Sannai M, et al. 2011. Thymine DNA glycosylase is essential for active 
DNA demethylation by linked deamination-base excision repair. Cell 146:67–79.
Cosgrove MS, Boeke JD, Wolberger C. 2004. Regulated nucleosome mobility and the histone 
code. Nat Struct Mol Biol 11:1037–1043.
Delacroix L, Moutier E, Altobelli G, et  al. 2010. Cell-specific interaction of retinoic acid 
receptors with target genes in mouse embryonic fibroblasts and embryonic stem cells. Mol 
Cell Biol 30:231–244.
Dey N, De PK, Wang M, et al. 2007. CSK controls retinoic acid receptor (RAR) signaling: a 
RAR-c-SRC signaling axis is required for neuritogenic differentiation. Mol Cell Biol 27: 
4179–4197.
Di Croce L, Raker VA, Corsaro M, et  al. 2002. Methyltransferase recruitment and DNA 
hypermethylation of target promoters by an oncogenic transcription factor. Science 295: 
1079–1082.
Dilworth FJ, Chambon P. 2001. Nuclear receptors coordinate the activities of chromatin 
remodeling complexes and coactivators to facilitate initiation of transcription. Oncogene 
20:3047–3054.
0002212773.indd   111 1/23/2015   6:36:32 PM
177
112  CONTROL OF GENE EXPRESSION BY NUCLEAR RETINOIC ACID RECEPTORS
Duong V, Rochette-Egly C. 2011. The molecular physiology of nuclear retinoic acid receptors. 
From health to disease. Biochim Biophys Acta 1812:1023–1031.
Epping MT, Wang L, Edel MJ, et al. 2005. The human tumor antigen PRAME is a dominant 
repressor of retinoic acid receptor signaling. Cell 122:835–847.
Farboud B, Hauksdottir H, Wu Y, Privalsky ML. 2003. Isotype-restricted corepressor recruit-
ment: a constitutively closed helix 12 conformation in retinoic acid receptors beta and gamma 
interferes with corepressor recruitment and prevents transcriptional repression. Mol Cell Biol 
23:2844–2858.
Fernandes I, Bastien Y, Wai T, et  al. 2003. Ligand-dependent nuclear receptor corepressor 
LCoR functions by histone deacetylase-dependent and -independent mechanisms. Mol 
Cell 11:139–150.
Ferry C, Gianni M, Lalevee S, et  al. 2009. SUG-1 plays proteolytic and non-proteolytic roles 
in the control of retinoic acid target genes via its interaction with SRC-3. J Biol Chem 
284:8127–8135.
Ferry C, Gaouar S, Fischer B, et al. 2011. Cullin 3 mediates SRC-3 ubiquitination and degra-
dation to control the retinoic acid response. Proc Natl Acad Sci USA 108:20603–20608.
Fujiki R, Chikanishi T, Hashiba W, et al. 2009. GlcNAcylation of a histone methyltransferase 
in retinoic-acid-induced granulopoiesis. Nature 459:455–459.
Gaillard E, Bruck N, Brelivet Y, et al. 2006. Phosphorylation by PKA potentiates retinoic acid 
receptor alpha activity by means of increasing interaction with and phosphorylation by 
cyclin H/cdk7. Proc Natl Acad Sci USA 103:9548–9553.
Gehani SS, Agrawal-Singh S, Dietrich N, et al. 2010. Polycomb group protein displacement 
and gene activation through MSK-dependent H3K27me3S28 phosphorylation. Mol Cell 
39:886–900.
Gianni M, Bauer A, Garattini E, et al. 2002. Phosphorylation by p38MAPK and recruitment 
of SUG-1 are required for RA-induced RARγ degradation and transactivation. EMBO J 
21:3760–3769.
Gianni M, Parrella E, Raska I, et al. 2006. P38MAPK-dependent phosphorylation and degra-
dation of SRC-3/AIB1 and RARalpha-mediated transcription. EMBO J 25:739–751.
Gianni M, Boldetti A, Guarnaccia V, et al. 2009. Inhibition of the peptidyl-prolyl-isomerase 
Pin1 enhances the responses of acute myeloid leukemia cells to retinoic acid via stabiliza-
tion of RARalpha and PML-RARalpha. Cancer Res 69:1016–1026.
Gillespie RF, Gudas LJ. 2007a. Retinoic acid receptor isotype specificity in F9 teratocarci-
noma stem cells results from the differential recruitment of coregulators to retinoic response 
elements. J Biol Chem 282:33421–33434.
Gillespie RF, Gudas LJ. 2007b. Retinoid regulated association of transcriptional co-regulators 
and the polycomb group protein SUZ12 with the retinoic acid response elements of Hoxa1, 
RARbeta(2), and Cyp26A1 in F9 embryonal carcinoma cells. J Mol Biol 372:298–316.
Gudas LJ, Wagner JA. 2011. Retinoids regulate stem cell differentiation. J Cell Physiol 226: 
322–330.
Gupta P, Ho PC, Huq MM, et al. 2008. Retinoic acid-stimulated sequential phosphorylation, 
PML recruitment, and SUMOylation of nuclear receptor TR2 to suppress Oct4 expression. 
Proc Natl Acad Sci USA 105:11424–11429.
Hauksdottir H, Farboud B, Privalsky ML. 2003. Retinoic acid receptors beta and gamma do 
not repress, but instead activate target gene transcription in both the absence and presence 
of hormone ligand. Mol Endocrinol 17:373–385.
He J, Shen L, Wan M, et al. 2013. Kdm2b maintains murine embryonic stem cell status by recruit-
ing PRC1 complex to CpG islands of developmental genes. Nat Cell Biol 15:373–384.
0002212773.indd   112 1/23/2015   6:36:32 PM
178
REFERENCES 113
Herquel B, Ouararhni K, Davidson I. 2011. The TIF1alpha-related TRIM cofactors couple 
chromatin modifications to transcriptional regulation, signaling and tumor suppression. 
Transcription 2:231–236.
Hou Z, Peng H, White DE, et al. 2010. LIM protein Ajuba functions as a nuclear receptor 
corepressor and negatively regulates retinoic acid signaling. Proc Natl Acad Sci USA 
107:2938–2943.
Hu Q, Rosenfeld MG. 2012. Epigenetic regulation of human embryonic stem cells. Front 
Genet 3:238.
Jain AK, Barton MC. 2009. Regulation of p53: TRIM24 enters the RING. Cell Cycle 8: 
3668–3674.
Jonas BA, Varlakhanova N, Hayakawa F, et al. 2007. Response of SMRT (silencing mediator 
of retinoic acid and thyroid hormone receptor) and N-CoR (nuclear receptor corepressor) 
corepressors to mitogen-activated protein kinase kinase kinase cascades is determined by 
alternative mRNA splicing. Mol Endocrinol 21:1924–1939.
Juan AH, Kumar RM, Marx JG, et al. 2009. Mir-214-dependent regulation of the polycomb 
protein Ezh2 in skeletal muscle and embryonic stem cells. Mol Cell 36:61–74.
Kambhampati S, Li Y, Verma A, et al. 2003. Activation of protein kinase C delta by all-trans-
retinoic acid. J Biol Chem 278:32544–32551.
Kashyap V, Gudas LJ. 2010. Epigenetic regulatory mechanisms distinguish retinoic acid-mediated 
transcriptional responses in stem cells and fibroblasts. J Biol Chem 285:14534–14548.
Kashyap V, Gudas LJ, Brenet F, et al. 2011. Epigenomic reorganization of the clustered Hox 
genes in embryonic stem cells induced by retinoic acid. J Biol Chem 286:3250–3260.
Kato S, Yokoyama A, Fujiki R. 2011. Nuclear receptor coregulators merge transcriptional 
coregulation with epigenetic regulation. Trends Biochem Sci 36:272–281.
Keriel A, Stary A, Sarasin A, et al. 2002. XPD mutations prevent TFIIH-dependent transacti-
vation by nuclear receptors and phosphorylation of RARalpha. Cell 109:125–135.
Khalil AM, Guttman M, Huarte M, et al. 2009. Many human large intergenic noncoding RNAs 
associate with chromatin-modifying complexes and affect gene expression. Proc Natl Acad 
Sci USA 106:11667–11672.
Klose RJ, Kallin EM, Zhang Y. 2006. JmjC-domain-containing proteins and histone demeth-
ylation. Nat Rev Genet 7:715–727.
Knutson SK, Wigle TJ, Warholic NM, et al. 2012. A selective inhibitor of EZH2 blocks H3K27 
methylation and kills mutant lymphoma cells. Nat Chem Biol 8:890–896.
Kopf E, Plassat JL, Vivat V, et al. 2000. Dimerization with retinoid X receptors and phosphor-
ylation modulate the retinoic acid-induced degradation of retinoic acid receptors alpha and 
gamma through the ubiquitin-proteasome pathway. J Biol Chem 275:33280–33288.
Kouzarides T. 2007. Chromatin modifications and their function. Cell 128:693–705.
Lalevee S, Bour G, Quinternet M, et al. 2010. Vinexinss, an atypical “sensor” of retinoic acid 
receptor gamma signaling: union and sequestration, separation, and phosphorylation. FASEB 
J 24:4523–4534.
Laperriere D, Wang TT, White JH, Mader S. 2007. Widespread Alu repeat-driven expansion of con-
sensus DR2 retinoic acid response elements during primate evolution. BMC Genomics 8:23.
Le Douarin B, Zechel C, Garnier JM, et al. 1995. The N-terminal part of TIF1, a putative 
mediator of the ligand-dependent activation function (AF-2) of nuclear receptors, is fused 
to B-raf in the oncogenic protein T18. EMBO J 14:2020–2033.
Le May N, Mota-Fernandes D, Velez-Cruz R, et al. 2010. NER factors are recruited to active 
promoters and facilitate chromatin modification for transcription in the absence of exoge-
nous genotoxic attack. Mol Cell 38:54–66.
0002212773.indd   113 1/23/2015   6:36:33 PM
179
114  CONTROL OF GENE EXPRESSION BY NUCLEAR RETINOIC ACID RECEPTORS
Le May N, Iltis I, Amé J, et al. 2012. Poly (ADP-ribose) glycohydrolase regulates retinoic acid 
receptor-mediated gene expression. Mol Cell 48:785–798.
Lee MG, Villa R, Trojer P, et al. 2007. Demethylation of H3K27 regulates polycomb recruit-
ment and H2A ubiquitination. Science 318:447–450.
Lefebvre P, Martin PJ, Flajollet S, et al. 2005. Transcriptional activities of retinoic acid recep-
tors. Vitam Horm 70:199–264.
Macias MJ, Wiesner S, Sudol M. 2002. WW and SH3 domains, two different scaffolds to 
recognize proline-rich ligands. FEBS Lett 513:30–37.
Mahony S, Mazzoni EO, McCuine S, et al. 2011. Ligand-dependent dynamics of retinoic acid 
receptor binding during early neurogenesis. Genome Biol 12:R2.
le Maire A, Teyssier C, Erb C, et al. 2010. A unique secondary-structure switch controls 
constitutive gene repression by retinoic acid receptor. Nat Struct Mol Biol 17:801–807.
Martens JH, Brinkman AB, Simmer F, et al. 2010. PML-RARalpha/RXR alters the epigenetic 
landscape in acute promyelocytic leukemia. Cancer Cell 17:173–185.
Masia S, Alvarez S, de Lera AR, Barettino D. 2007. Rapid, nongenomic actions of retinoic 
acid on phosphatidylinositol-3-kinase signaling pathway mediated by the retinoic Acid 
receptor. Mol Endocrinol 21:2391–2402.
Mattick JS, Makunin IV. 2005. Small regulatory RNAs in mammals. Hum Mol Genet 
14(Spec No 1):R121–132.
Mendoza-Parra MA, Walia M, Sankar M, Gronemeyer H. 2011. Dissecting the retinoid-
induced differentiation of F9 embryonal stem cells by integrative genomics. Mol Syst Biol 
7:538.
Mengeling BJ, Goodson ML, Bourguet W, Privalsky ML. 2012. SMRTepsilon, a corepressor 
variant, interacts with a restricted subset of nuclear receptors, including the retinoic acid 
receptors alpha and beta. Mol Cell Endocrinol 351:306–316.
Mills AA. 2010. Throwing the cancer switch: reciprocal roles of polycomb and trithorax 
proteins. Nat Rev Cancer 10:669–682.
Moutier E, Ye T, Choukrallah MA, et al. 2012. Retinoic acid receptors recognise the mouse 
genome through binding elements with diverse spacing and topology. J Biol Chem 287: 
26328–26341.
Nielsen AL, Ortiz JA, You J, et al. 1999. Interaction with members of the heterochromatin 
protein 1 (HP1) family and histone deacetylation are differentially involved in transcrip-
tional silencing by members of the TIF1 family. EMBO J 18:6385–6395.
Osz J, Brelivet Y, Peluso-Iltis C, et al. 2012. Structural basis for a molecular allosteric con-
trol mechanism of cofactor binding to nuclear receptors. Proc Natl Acad Sci USA 109: 
E588–594.
Pan G, Tian S, Nie J, et al. 2007. Whole-genome analysis of histone H3 lysine 4 and lysine 27 
methylation in human embryonic stem cells. Cell Stem Cell 1:299–312.
Parrella E, Gianni M, Cecconi V, et al. 2004. Phosphodiesterase IV inhibition by piclami-
last potentiates the cytodifferentiating action of retinoids in myeloid leukemia cells. 
Cross-talk between the cAMP and the retinoic acid signaling pathways. J Biol Chem 
279:42026–42040.
Pelosi A, Careccia S, Lulli V, et al. 2012. miRNA let-7c promotes granulocytic differentiation 
in acute myeloid leukemia. Oncogene 32:3648–3654.
Perissi V, Rosenfeld MG. 2005. Controlling nuclear receptors: the circular logic of cofactor 
cycles. Nat Rev Mol Cell Biol 6:542–554.
Perissi V, Staszewski LM, McInerney EM, et  al. 1999. Molecular determinants of nuclear 
receptor–corepressor interaction. Genes Dev 13:3198–3208.
0002212773.indd   114 1/23/2015   6:36:33 PM
180
REFERENCES 115
Perissi V, Scafoglio C, Zhang J, et al. 2008. TBL1 and TBLR1 phosphorylation on regulated 
gene promoters overcomes dual CtBP and NCoR/SMRT transcriptional repression check-
points. Mol Cell 29:755–766.
Perissi V, Jepsen K, Glass CK, Rosenfeld MG. 2010. Deconstructing repression: evolving 
models of co-repressor action. Nat Rev Genet 11:109–123.
Piskunov A, Rochette-Egly C. 2011. MSK1 and nuclear receptor signaling. In: Arthur JSCS 
(ed.) MSKs. Austin, TX: Landes Biosciences. pp. 85–97.
Piskunov A, Rochette-Egly C. 2012. A retinoic acid receptor RARalpha pool present in mem-
brane lipid rafts forms complexes with G protein alphaQ to activate p38MAPK. Oncogene 
31:3333–3345.
Rochel N, Ciesielski F, Godet J, et  al. 2011. Common architecture of nuclear receptor 
heterodimers on DNA direct repeat elements with different spacings. Nat Struct Mol 
Biol 18:564–570.
Rochette-Egly C. 2003. Nuclear receptors: integration of multiple signalling pathways through 
phosphorylation. Cell Signal 15:355–366.
Rochette-Egly C, Germain P. 2009. Dynamic and combinatorial control of gene expression by 
nuclear retinoic acid receptors. Nucl Recept Signal 7:e005.
Rochette-Egly C, Oulad-Abdelghani M, Staub A, et al. 1995. Phosphorylation of the retinoic 
acid receptor-alpha by protein kinase A. Mol Endocrinol 9:860–871.
Rochette-Egly C, Adam S, Rossignol M, et al. 1997. Stimulation of RAR alpha activation 
function AF-1 through binding to the general transcription factor TFIIH and phosphoryla-
tion by CDK7. Cell 90:97–107.
Rosenfeld MG, Lunyak VV, Glass CK. 2006. Sensors and signals: a coactivator/corepressor/
epigenetic code for integrating signal-dependent programs of transcriptional response. 
Genes Dev 20:1405–1428.
Ruthenburg AJ, Li H, Patel DJ, Allis CD. 2007. Multivalent engagement of chromatin modifi-
cations by linked binding modules. Nat Rev Mol Cell Biol 8:983–994.
Samarut E, Rochette-Egly C. 2012. Nuclear retinoic acid receptors: conductors of the retinoic 
acid symphony during development. Mol Cell Endocrinol 348:348–360.
Samarut E, Amal I, Markov G, et al. 2011. Evolution of nuclear retinoic acid receptors alpha 
(RARα) phosphorylation sites. Serine gain provides fine-tuned regulation. Mol Biol Evol 
28:2125–2137.
Sparmann A, van Lohuizen M. 2006. Polycomb silencers control cell fate, development and 
cancer. Nat Rev Cancer 6:846–856.
Srinivas H, Juroske DM, Kalyankrishna S, et al. 2005. c-Jun N-terminal kinase contributes 
to aberrant retinoid signaling in lung cancer cells by phosphorylating and inducing pro-
teasomal degradation of retinoic acid receptor alpha. Mol Cell Biol 25:1054–1069.
Stavridis MP, Collins BJ, Storey KG. 2010. Retinoic acid orchestrates fibroblast growth 
factor signalling to drive embryonic stem cell differentiation. Development 137: 
881–890.
Takahashi H, Kanno T, Nakayamada S, et al. 2012. TGF-beta and retinoic acid induce the 
microRNA miR-10a, which targets Bcl-6 and constrains the plasticity of helper T cells. Nat 
Immunol 13:587–595.
Tan M, Luo H, Lee S, et al. 2011. Identification of 67 histone marks and histone lysine croto-
nylation as a new type of histone modification. Cell 146:1016–1028.
Taneja R, Rochette-Egly C, Plassat JL, et al. 1997. Phosphorylation of activation functions 
AF-1 and AF-2 of RAR alpha and RAR gamma is indispensable for differentiation of F9 
cells upon retinoic acid and cAMP treatment. EMBO J 16:6452–6465.
0002212773.indd   115 1/23/2015   6:36:33 PM
181
116  CONTROL OF GENE EXPRESSION BY NUCLEAR RETINOIC ACID RECEPTORS
Tang XH, Albert M, Scognamiglio T, Gudas LJ. 2009. A DNA methyltransferase inhibitor 
and all-trans retinoic acid reduce oral cavity carcinogenesis induced by the carcinogen 
4-nitroquinoline 1-oxide. Cancer Prev Res 2:1100–1110.
Thompson BA, Tremblay V, Lin G, Bochar DA. 2008. CHD8 is an ATP-dependent chromatin 
remodeling factor that regulates beta-catenin target genes. Mol Cell Biol 28:3894–3904.
Tollervey JR, Lunyak VV. 2012. Epigenetics: judge, jury and executioner of stem cell fate. 
Epigenetics 7:823–840.
Tropberger P, Pott S, Keller C, et al. 2013. Regulation of transcription through acetylation of 
H3K122 on the lateral surface of the histone octamer. Cell 152:859–872.
Varlakhanova N, Hahm JB, Privalsky ML. 2011. Regulation of SMRT corepressor dimerization 
and composition by MAP kinase phosphorylation. Mol Cell Endocrinol 332:180–188.
Villa R, Pasini D, Gutierrez A, et al. 2007. Role of the polycomb repressive complex 2 in acute 
promyelocytic leukemia. Cancer Cell 11:513–525.
Wassenegger M. 2005. The role of the RNAi machinery in heterochromatin formation. Cell 
122:13–16.
Wei LN, Hu X, Chandra D, et al. 2000. Receptor-interacting protein 140 directly recruits 
histone deacetylases for gene silencing. J Biol Chem 275:40782–40787.
Wu H, Chen X, Xiong J, et al. 2011. Histone methyltransferase G9α contributes to H3K27 
methylation in vivo. Cell Res 21:365–367.
Wulf G, Finn G, Suizu F, Lu KP. 2005. Phosphorylation-specific prolyl isomerization: is there 
an underlying theme? Nat Cell Biol 7:435–441.
Wysocka J, Swigut T, Xiao H, et al 2006. A PHD finger of NURF couples histone H3 lysine 4 
trimethylation with chromatin remodelling. Nature 442:86–90.
Yuan W, Wu T, Fu H, et al. 2012. Dense chromatin activates Polycomb repressive complex 2 
to regulate H3 lysine 27 methylation. Science 337:971–975.
Zardo G, Ciolfi A, Vian L, et al. 2012a. Transcriptional targeting by microRNA-polycomb 
complexes: a novel route in cell fate determination. Cell Cycle 11:3543–3549.
Zardo G, Ciolfi A, Vian L, et al. 2012b. Polycombs and microRNA-223 regulate human granu-
lopoiesis by transcriptional control of target gene expression. Blood 119:4034–4046.
Zhao Y, Lang G, Ito S, et al. 2008. A TFTC/STAGA module mediates histone H2A and H2B 
deubiquitination, coactivates nuclear receptors, and counteracts heterochromatin silencing. 
Mol Cell 29:92–101.
Zheng B, Han M, Shu YN, et al. 2011. HDAC2 phosphorylation-dependent Klf5 deacetylation 
and RARalpha acetylation induced by RAR agonist switch the transcription regulatory 
programs of p21 in VSMCs. Cell Res 21:1487–1508.
0002212773.indd   116 1/23/2015   6:36:33 PM
182




! E!
!
36$'&+/'*
?+'(%0(4! 54(*! #?Y89! 'G+! L5(%! 54'(Z+! Z('5L(%! Y! L+'5P01('+9! 40%'601&! L)1'(K1+! P(0102(451!
K604+&&+&! &)4G! 5&! 4+11! K601(M+65'(0%! 5%*! *(MM+6+%'(5'(0%! 'G60)2G! 2+%0L(4! K60265L&! 5%*!
F(%5&+! 45&45*+&! 54'(Z5'(0%I! [+Z+651! P6+5&'! 45%4+6! 4+11&! 6+&K0%*! '0! 'G+! 5%'(K601(M+65'(Z+!
+MM+4'&!0M!?Y9!P)'!0'G+6&!56+!?YR6+&(&'5%'I!$%!&+Z+651!45&+&!6+&(&'5%4+!G5&!P++%!4066+15'+*!'0!
'G+! 5LK1(M(45'(0%! 0M! 'G+! +6PRPE! 6+4+K'06! 'T60&(%+! F(%5&+!E! #S?//E8! 2+%+9! P)'! 'G+! 0Z+6511!
&(2%51(%2! 5%*! '65%&46(K'(0%51! K5'GO5T&! 'G5'! 56+! 51'+6+*! (%! &)4G! 4+11&! G5Z+! %0'! P++%!
+1)4(*5'+*I!\+6+!O+!40LK56+*!'O0!G)L5%!P6+5&'!45%4+6!4+11!1(%+&9!'G+!37C@!4+11!1(%+9!OG(4G!
6+&K0%*&!'0!'G+!5%'(K601(M+65'(Z+!54'(0%!0M!?Y!5%*!'G+!/N=@=!4+11!1(%+9!OG(4G!(&!?YR6+&(&'5%'!
&)P&+.)+%'!'0!S?//E!5LK1(M(45'(0%!(%!5!1562+R&451+!5%51T&(&!0M!'G+!KG0&KG0K60'+(%&!5%*!(%!
5! 2+%0L+RO(*+! 5%51T&(&! 0M! 'G+! ?YR6+2)15'+*! 2+%+&I! :&(%2! G(2GR6+&01)'(0%! %5%0RB7RBN]R
^6P('65K! L5&&! &K+4'60L+'6T! 5&&04(5'+*! '0! KG0&KG0K+K'(*+! +%6(4GL+%'9! O+! M0)%*! 'G5'!
&+Z+651! K60'+(%&! (%Z01Z+*! (%! &(2%51(%2! 5%*! (%! '65%&46(K'(0%9! 56+! *(MM+6+%'(511T!
KG0&KG06T15'+*! 5M'+6! ?Y! 5**('(0%I! NG+! K565*(2L! 0M! 'G+&+! K60'+(%&! (&! 'G+! ?Y! 6+4+K'06! _!
#?Y?_89!OG(4G!O5&!KG0&KG06T15'+*!(%!37C@!4+11&!P)'!%0'!(%!/N=@=!4+11&I!NG+!K5%+1!0M!'G+!
?YR6+2)15'+*! 2+%+&! O5&! 51&0! *(MM+6+%'I! ^Z+6511! 0)6! 6+&)1'&! (%*(45'+! 'G5'! S?//E!
5LK1(M(45'(0%!(%'+6M+6+&!O('G!'G+!5P(1('T!0M!?Y!'0!54'(Z5'+!F(%5&+&!O('G!40%&+.)+%4+&!0%!'G+!
KG0&KG06T15'(0%!0M!&+Z+651!K60'+(%&!(%Z01Z+*!(%!'65%&46(K'(0%!5%*!'G)&!0%!2+%+!+HK6+&&(0%I!
! !
187
! U!
!
E,'&#-B/'0#,*
?+'(%0(4!Y4(*!#?Y89!'G+!L5`06!54'(Z+!*+6(Z5'(Z+!0M!Z('5L(%!Y9!(&!+&&+%'(51!M06!511!&'+K&!0M!1(M+9!
M60L!'G+!+LP6T0!'0!'G+!5*)1'9!'G60)2G!'G+!6+2)15'(0%!0M!'G+!+HK6+&&(0%!0M!5!P5''+6T!0M!'562+'!
2+%+&! (%Z01Z+*! (%!4+11!*(MM+6+%'(5'(0%9!K601(M+65'(0%9!5*G+&(0%9!L(265'(0%9!*+5'G!06!&)6Z(Z51!
#"9!E8I!NG+&+!+MM+4'&!0M!?Y!56+!L+*(5'+*!PT!%)41+56!6+4+K'06&9!?Y?!#_9!a!5%*!b89!OG(4G!56+!
1(25%*R*+K+%*+%'!6+2)15'06&!0M! '65%&46(K'(0%!5%*!P(%*!&K+4(M(4!6+&K0%&+!+1+L+%'&! 1045'+*!
(%! 'G+! K60L0'+6&! 0M! 'G+(6! '562+'! 2+%+&! #"9! U8I! ?+4+%'1T9! 2+%0L+RO(*+! G(2G'G60)2GK)'!
&+.)+%4(%2!5%*!4G60L5'(%! (LL)%0K6+4(K('5'(0%!40)K1+*!O('G!*++K!&+.)+%4(%2!+HK5%*+*!
'G+!6+K+6'0(6+!0M!'G+!?YR'562+'!2+%+&!(%!&+Z+651!4+11! 1(%+&!#UR@8I!\0O+Z+69!'0*5T!('! (&!41+56!
'G5'! ?Y! 51&0! G5&! %0%R'65%&46(K'(0%51! +MM+4'&! 5%*! 54'(Z5'+&! F(%5&+! 45&45*+&! #V9! ;8I! NG+&+!
F(%5&+&!KG0&KG06T15'+!&+Z+651!'562+'&!(%!'G+!4T'0&01!5%*!'65%&1045'+!(%'0!'G+!%)41+)&!OG+6+!
'G+T!KG0&KG06T15'+!?Y?&!'G+L&+1Z+&!5&!O+11!5&!0'G+6!K60'+(%&!#V9!"A8I!DG0&KG06T15'(0%!(&!5!
O(*+1T! )&+*!L+4G5%(&L! 0M! K0&'R'65%&15'(0%51! L0*(M(45'(0%! 'G5'! 40%'601&! K60'+(%! 54'(Z('T9!
&'5P(1('T9!')6%0Z+69!5%*!(%'+654'(0%!O('G!JcY!06!K56'%+6!K60'+(%&!#""8I!!
75%4+6! O('G! 5P+665%'! 4+11! 260O'G! 5%*! *(MM+6+%'(5'(0%! P104F52+! 0M'+%! 6+&)1'&! M60L!
51'+65'(0%&!0M!'G+!?Y!K5'GO5T!5%*!6+4(K604511T9!?Y!G5&!K60Z+%!5%'(R45%4+6!45K54('T!*)+!'0!
('&!5P(1('T!'0!6+&'06+!*(MM+6+%'(5'(0%!5%*!'0!(%*)4+!260O'G!566+&'!5%*!4+11!*+5'G!#"E8I!Y4)'+!
D60LT+104T'(4! B+)F+L(5! #YDB8! 6+K6+&+%'&! 'G+! K565*(2L! M06! ?YR(%*)4+*! *(MM+6+%'(5'(0%!
'G+65KT!0M!45%4+6I!$%!5**('(0%9!5!Z5&'!1('+65')6+!6+K06'&!'G5'!&+Z+651!P6+5&'!45%4+6!4+11&!56+!
&+%&('(Z+!'0!'G+!5%'(K601(M+65'(Z+!54'(Z('T!0M!?Y!OG(1+!0'G+6&!56+!6+&(&'5%'I!$%!&+Z+651!45&+&9!
6+&(&'5%4+!G5&!P++%!4066+15'+*!'0!'G+!5LK1(M(45'(0%!0M!'G+!+6PRPE!6+4+K'06!'T60&(%+!F(%5&+!E!
#S?//E8! 2+%+! 5%*! '0! 'G+! &)P&+.)+%'! 51'+65'(0%&! 0M! 'G+! *0O%&'6+5L! &(2%51(%2! K5'GO5T&I!!
\0O+Z+6!'G+!0Z+6511!KG0&KG06T15'(0%!+Z+%'&!5%*!'65%&46(K'(0%51!K5'GO5T&!'G5'!56+!51'+6+*!
(%!&)4G!?YR6+&(&'5%'!4+11&!G5Z+!%0'!P++%!'G+!0P`+4'!0M!&T&'+L5'(4!&')*(+&I!$%!M54'9!L0&'!0M!'G+!
?YR(%*)4+*! KG0&KG06T15'(0%! +Z+%'&! 56+! &'(11! )%F%0O%9! L5F(%2! 'G+(6! 1562+R&451+! 5%51T&(&!
(%&'6)L+%'51!(%!)%*+6&'5%*(%2!'G+!40LK1+H!&(2%51(%2!+Z+%'&!(%('(5'+*!PT!?YI!!
\+6+!O+!40LK56+*!'O0!G)L5%!P6+5&'!45%4+6!4+11!1(%+&9!'G+!37C@!4+11!1(%+9!OG(4G!6+&K0%*&!
'0! 'G+! 5%'(K601(M+65'(Z+! 54'(0%! 0M! ?Y! 5%*! 'G+! /N=@=! 4+11! 1(%+9! OG(4G! (&! ?YR6+&(&'5%'!
&)P&+.)+%'!'0!S?//E!5LK1(M(45'(0%!(%!5!1562+R&451+!5%51T&(&!0M!'G+!KG0&KG06T15'+*!K60'+(%&9!
)&(%2! G(2GR6+&01)'(0%! %5%0RB7RBN]R^6P('65K! L5&&! &K+4'60L+'6T! #"U9! "=8! 5&&04(5'+*! '0!
188
! =!
KG0&KG0K+K'(*+!+%6(4GL+%'!#"W9!"<8I!d+!51&0!40LK56+*!'G+&+!'O0!4+11!1(%+&!(%!5!2+%0L+R
O(*+! 5%51T&(&! 0M! 'G+! ?YR6+2)15'+*! 2+%+&I! NG(&! &')*T! 6+Z+51+*!L5`06! *(MM+6+%4+&! 5M'+6! ?Y!
5**('(0%9! (%*(45'(%2! 'G5'! S?//E! 5LK1(M(45'(0%! (%'+6M+6+&! O('G! P0'G! 'G+! 2+%0L(4! 5%*! 'G+!
%0%R2+%0L(4!+MM+4'&!0M!?Y!O('G!40%&+.)+%4+&!0%!'G+!?Y!6+&K0%&+I!!
!
! !
189
! W!
8+'(&0+7$*+,-*)('"#-$!
:(77*/B7'B&(*
37C@!5%*!/N=@=!G)L5%!P6+5&'!45%4+6!4+11&!O+6+!4)1')6+*!5&!L0%015T+6&!)%*+6!&'5%*56*!
40%*('(0%&!5&!K6+Z(0)&1T!*+&46(P+*!#;9!"@8I!dG+%!VAR;A!e!40%M1)+%'9!4+11&!O+6+!'6+5'+*!M06!
UA!L(%! #3[! 5%51T&(&8! 06! M06!=!G! #?cYR&+.8!O('G!!""#$%!&'! ?Y! #"AR<!38! #[(2L5!Y1*6(4G8! 06!
Z+G(41+! #AI"e!+'G5%0189! 5M'+6!E=G! (%! 10O!#"e8!&+6)L!L+*()L!40%*('(0%&9!O('G0)'! (%&)1(%!
5%*! KG+%01! 6+*I! NG+%! 'G+! 4+11&! O+6+! &465KK+*! M06! ?cY! +H'654'(0%! 06! M06! 4T'0&01(4! 5%*!
%)41+56!+H'654'&!K6+K565'(0%I!!
C06!'G+!5%51T&(&!0M!?Y?_!KG0&KG06T15'(0%9!1562+R&451+!4)1')6+!40%*('(0%&!O+6+!6+.)(6+*!5%*!
37C@! 5%*!/N=@=! 4+11&!O+6+! 260O%! (%! &)&K+%&(0%! (%! U! B! 4)1')6+!L+*()LI! NG+%! 'G+! 4+11&!
O+6+!'6+5'+*!O('G!?Y!06!Z+G(41+9!4+%'6(M)2+*!5%*!K604++*+*!M06! 'G+!K6+K565'(0%!0M!OG01+!
4+11!+H'654'&!5%*!?Y?_!(LL)%0K6+4(K('5'(0%I!
!
DK'&+/'$*%&(%+&+'0#,*+,-*-0@($'0#,**
7T'0&01(4!+H'654'&!O+6+!0P'5(%+*!PT!1T&(&!(%!GTK0'0%(4!P)MM+6!#"A!L3!\SDS[Rf^\!K\!@I;9!
"IW!L3!3271E9!"A!L3!f719!"!L3!SJNY!5%*!AIW!e!$2+K51!7YR<UA8I!c)41+56!+H'654'&!O+6+!
0P'5(%+*!PT! (%4)P5'(%2! 'G+! 6+L5(%(%2!K+11+'! (%!+H'654'(0%!P)MM+6! #EA!L3!\SDS[Rf^\!K\!
@I;9!"IW!L3!3271E9!=EA!L3!c5719!"!L3!SJNY!5%*!EW!e!21T4+6018I!D)6('T!0M!'G+!+H'654'&!O5&!
5&&+&&+*!PT! (LL)%0P10''(%2!O('G!5%'(P0*(+&!525(%&'!aR')P)1(%!#$,/37!M54(1('T8!5%*! 15L(%!
Yg7! #[5%'5! 76)h! /(0'+4G%0102T89!OG(4G! 56+! K6+&+%'! +H41)&(Z+1T! (%! 'G+! 4T'0&01! 5%*! (%! 'G+!
%)41+)&!6+&K+4'(Z+1TI!Y11!P)MM+6&!O+6+!(4+R401*!5%*!&)KK1+L+%'+*!O('G!"!L3!D3[C9!WA!i3!
c5C9! W! L3! c5Uj^=! #[(2L5! Y1*6(4G89! 40LK1+'+! K60'+5&+! (%G(P('06! 404F'5(1! #D$78! 5%*!
DG0&[N^D!#?04G+!J(52%0&'(4&8I!
NG+!+H'654'&!#UWA!k2!K60'+(%8!O+6+!N7YRK6+4(K('5'+*!#"EG!5'!=l78!5%*!4+%'6(M)2+*!#"=AAA!
6KL9!UA!L(%9!=l78I!D+11+'&!O+6+!O5&G+*!'O(4+!O('G!WAA!kB!401*!54+'0%+9!4+%'6(M)2+*!#"=AAA!
6KL9!"A!L(%9!=l789!)6+5R*+%5')6+*!#V3!)6+5!(%!N6(&R\71!AI"!L389!6+*)4+*!O('G!W!L3!N6(&!
#ER456P0HT+'GT18!KG0&KG(%+!#N7SD9!\5LK'0%!6+&+564G8!M06!UA!L(%9!5%*!'G+%!51FT15'+*!O('G!
"A!L3!(0*054+'5L(*+!#UA!L(%! (%! 'G+!*56F8I!?+*)4'(0%!5%*!51FT15'(0%!O+6+!K+6M06L+*!5'!
600L!'+LK+65')6+!)%*+6!52('5'(0%!#VWA!6KL8I!!
NG+%! 'G+! &5LK1+&! O+6+! *(Z(*+*! (%! 'O0I! ^%+! G51M! #"@W! k28! O5&! *(2+&'+*! 5'! U@l7! O('G!
+%*0K60'+(%5&+! BT&R7! #d5F0! 4G+L(451&8! (%! V! 3! )6+5! M06! <G9! M0110O+*! PT! 5%! 0Z+6%(2G'!
190
! <!
*(2+&'(0%! O('G! L0*(M(+*! N6TK&(%! #D60L+258! (%! E! 3! )6+5I! NG+! 0'G+6! G51M! O5&! *(2+&'+*!
0Z+6%(2G'!O('G! 7GTL0'6TK&(%! #D60L+258! (%! "!3! )6+5! 5'! EWl7I! Y11! +%hTL+&!O+6+! *(1)'+*!
"Q"AA! #OgO8I! NG+! 6+&)1'(%2! K+K'(*+&! O+6+! *+&51'+*! 0%! 7"V! &K(%R401)L%&! #\56Z56*!
5KK565')&8!5%*!*6(+*!#[K++*Rj54))L8I!Y%!51(.)0'!#"A!k28!0M!'G+!BT&R7gN6TK&(%!*(2+&'!O5&!
F+K'!M06!*(6+4'!5%51T&(&9!5%*!'G+!0'G+6!&5LK1+&!O+6+!&)PL(''+*!'0!KG0&KG0R+%6(4GL+%'I!!
!
232L*0))B,#%&(/0%0'+'0#,*+,-*-0@($'0#,***
dG01+!4+11!+H'654'&!O+6+!K6+K56+*!PT!&)&K+%*(%2!'G+!4+11&!(%!1T&(&!P)MM+6!#WA!L3!N6(&R\71!
K\!@IW9! "WA!L3!c5719! W!e!21T4+601! 5%*!AIW!e! $2+K51! 7YR<UA8! &)KK1+L+%'+*!O('G!"!L3!
D3[C9! WA! i3!c5C9! W!L3!c5Uj^=9! "EW! %3! 0F5*5(4! 54(*! #751P(04G+L89! 40LK1+'+! D$7! 5%*!
DG0&[N^DI!YM'+6!4+%'6(M)25'(0%9!'G+!&)K+6%5'5%'&!#"AA!L2!K60'+(%&8!O+6+!(%4)P5'+*!O('G!E!
L0%0410%51!5%'(P0*(+&!65(&+*!525(%&'!?Y?_9!0%+!6+402%(h(%2!'G+!7R'+6L(%51!6+2(0%!mYP;_!
#C8n! 5%*! 'G+! 0'G+6! 0%+! 'G+! cR'+6L(%51! 6+2(0%! mYP"A_! #Y"8n! #"V89! P0)%*! '0! JT%5P+5*&!
D60'+(%!,!#$%Z('602+%8I!NG+&+!5%'(P0*(+&!65(&+*!(%!G0)&+!O+6+!K)6(M(+*!M60L!5&4('(4!M1)(*!0%!
K60'+(%! ,! &+KG560&+! 5%*! O+6+! +H4+11+%'! M06! 'G+! (LL)%0K6+4(K('5'(0%! 0M! ?Y?_! 5%*! ('&!
*+'+4'(0%!PT!3[I! S1)'(0%!O5&!K+6M06L+*! (%!D60'+(%! B0/(%*!N)P+&! #SKK+%*06M8!O('G!<EIW!
L3!N6(&R\71!K\!<IV!40%'5(%(%2!Ee![J[9!"Ae!21T4+601!5%*!Ue!aRL+645K'0+'G5%019!M0110O+*!
PT! K\! %+)'651(h5'(0%! O('G! N6(&R\71! K\! ;I! NG+! +1)5'+&! O+6+! 6+*)4+*! 5%*! 51FT15'+*! #&++!
5P0Z+8!5%*!*(2+&'+*!O('G!NG+6L01T&(%!#D60L+258!#"QW!OgO89! (%!WA!L3!N6(&R\719!AIW!L3!
7571E!#@Wl79!0Z+6%(2G'8I!
!
!"#$%"#%(%'0-(*(,&0/")(,'!
[5LK1+&!O+6+!&)&K+%*+*! (%! 105*(%2!P)MM+6! mWAe!54+'0%('6(1+! #Y7c89!AI"!e!'6(M1)06054+'(4!
54(*!#NCY8n9!(%4)P5'+*!O('G!D\^[R[+1+4'!(60%!5MM(%('T!P+5*&!#[(2L5!Y1*6(4G8!5'!5!65'(0!"gEIW!
#P+5*&!Z01)L+!kBgK+K'(*+!L(H')6+!k28!M06!UA!L(%!5%*!105*+*!(%'0!5!EAA!kB!,+1RB05*+6!'(K!
#70&'568I! YM'+6! O5&G(%2! O('G! 'G+! P(%*(%2! 5%*! O5&G(%2! #EA! e! Y7c9! "e! NCY8! P)MM+6&9!
KG0&KG0K+K'(*+&!O+6+!+1)'+*!O('G!=e!5LL0%()L!GT*60H(*+9!*+&51'+*!0%!,65KG('+!&K(%R
401)L%!#D(+64+RNG+6L0!C(&G+6![4(+%'(M(48!5%*!*6(+*!#[K++*RZ54))L8I!
!
A:48IM8I*+,+79$0$*
191
! @!
[5LK1+&! O+6+! 5%51Th+*! )&(%2! 5%! :1'(L5'+! UAAA! %5%0R?[B7! #NG+6L0! [4(+%'(M(49! [5%! o0&+!
751(M06%(58! 40)K1+*! (%! 1(%+! O('G! 5%! BN]R^6P('65K! SB$NS! L5&&! &K+4'60L+'+6! ()!! 5! %5%0R
+1+4'60&K65T!(0%(h5'(0%!&0)64+!#NG+6L0![4(+%'(M(49![5%!o0&+!751(M06%(58I!*
D+K'(*+&!O+6+!105*+*!0%!5!7"V!Y4415(L!D+K35K"AA!'65KR401)L%!#@W!kL!$J!H!E!4L9!U!kL9!
"AAp9!NG+6L0!C(&G+6![4(+%'(M(48! M06!UIW!L(%)'+&!5'!W!kBgL(%!O('G!E!e!Y7c9!AI"!e!M06L(4!
54(*!#CY8!(%!\E^!5%*!'G+%!&+K565'+*!0%!5!7"V!Y44)406+!%5%0R401)L%!#@W!kL!$J!H!WA!4L9!
EI<! kL9! "WAp9! NG+6L0! C(&G+6! [4(+%'(M(48!O('G! 5! =VA!L(%)'+&! 1(%+56! 265*(+%'! M60L! We! '0!
WAe!P)MM+6!/!#YQ!AI"!e!CY!(%!\E^!g!/Q!VA!e!Y7c9!AIAV!e!CY!(%!\E^8I!NG+!'0'51!*)65'(0%!O5&!
&+'!'0!WEA!L(%)'+&!5'!5!M10O!65'+!0M!EAA!%BgL(%!5%*!5'!=Al7I!
NG+!L5&&!&K+4'60L+'+6!O5&!0K+65'+*!(%!*5'5R*+K+%*+%'!L0*+!O('G!&)6Z+T!&45%&!M60L!Lgh!
UAAR"<AA! 54.)(6+*! (%! 'G+! ^6P('65K! 5'! 5! 6+&01)'(0%! 0M! "EA9AAA! 5'!Lgh! =AAI! NG+! "W!L0&'!
(%'+%&+!K+5F&!M60L!&)6Z+T!&45%&!O+6+!&+1+4'+*!M06!M)6'G+6!M652L+%'5'(0%!(%!'G+!BN]!O('G!
5%! (&015'(0%!O(%*0O! 0M! EIA! J5! 5%*!O+6+! M652L+%'+*! PT! 7$J!O('G! 5! %06L51(h+*! 4011(&(0%!
+%+62T! 0M! UW! eI! :%5&&(2%+*! 5%*! &(%21+! 4G562+*! &'5'+&! O+6+! 6+`+4'+*I! N0! +%G5%4+!
KG0&KG06T15'(0%! *+'+4'(0%9! 3)1'(R['52+! Y4'(Z5'(0%! O5&! +%5P1+*! 5%*! 'G+! 4066+&K0%*(%2!
%+)'651!10&&!L5&&+&!O+6+!UEI<<>!=;IAA>!<WIUU!5%*!;VIAAI!
NG+! $0%!N562+'!j51)+! M06! 'G+! &)6Z+T!&45%&! (%! 'G+!^6P('65K!5%*! 'G+!3[E!L0*+! (%! 'G+!BN]!
O+6+!&+'!'0!"S<!5%*!WS=!6+&K+4'(Z+1T!5%*!'G+!L5H(L)L!(%`+4'(0%!'(L+!O5&!&+'!'0!"AA!L&!
M06! P0'G! &45%! L0*+&I! JT%5L(4! +H41)&(0%! O5&! )&+*I! SH41)&(0%! *)65'(0%! O5&! &+'! '0! UA! &9!
6+K+5'!40)%'!O5&!&+'!'0!"!5%*!+H41)&(0%!L5&&!O(*'G!O5&!q!"A!KKLI!
D60'+(%&!O+6+!(*+%'(M(+*!PT!*5'5P5&+!&+564G(%2!)&(%2![+.)+&'\N!O('G!D60'+0L+!J(&40Z+6+6!
"I=!&0M'O56+! #NG+6L0!C(&G+6![4(+%'(M(48!525(%&'! 'G+!\)L5%![O(&&K60'!*5'5P5&+! #EA"UrA<!
6+1+5&+9!""UAW;"U!+%'6(+&8I!D6+4)6&06!5%*!M652L+%'!L5&&!'01+65%4+!O+6+!&+'!5'!@!KKL!5%*!
AIW! J5! 6+&K+4'(Z+1T9! 5%*! )K! '0! E! L(&&+*! 41+5Z52+&! O+6+! 5110O+*I! ^H(*5'(0%! #38! 5%*!
DG0&KG06T15'(0%!#[9!N9!5%*!s8!O+6+!&+'!5&!Z56(5P1+!L0*(M(45'(0%9!5%*!756P5L(*0L+'GT15'(0%!
#78!5&!M(H+*!L0*(M(45'(0%I!D+K'(*+&!O+6+!M(1'+6+*!O('G!5!"e!CJ?!#M51&+!*(&40Z+6T!65'+8!5%*!
65%F!"I!?Y?_!KG0&KG0K+K'(*+&!O+6+!M(1'+6+*!O('G!5!&406+!Z+6&)&!4G562+!&'5'+!#"IW!h"9!EIW!hE9!
U! hU! 5%*! UIE! ht=8! 5%*! 65%F! "I! D60'+(%&!O+6+! (*+%'(M(+*!O('G! 5'! 1+5&'! E! *(MM+6+%'! K+K'(*+&I!
DG0&KG06T15'(0%! &('+&! O+6+! Z51(*5'+*! )&(%2! 'G+! DG0&KG0?[! UIA! %0*+9! O('G! 5'! 1+5&'! ;;e!
KG0&KG0R&('+! K60P5P(1('TI! SHK06'+*! KG0&KG0K+K'(*+&! O+6+! 'G+%! K604+&&+*! )&(%2!
D60'+(%30*(M(45'(0%N001F('9!O('G!5! 4)'0MM! Z51)+!5'!;;e9!5%*!5)'0L5'(4511T! &+%'! '0!30'(MRH!
192
! V!
O('G! 'G+! M0110O(%2! K565L+'+6&Q! ^44)66+%4+&! EA! g! [(2%(M(45%4+! D! u! "AR<! g! /54F260)%*! $D$!
\)L5%!D60'+0L+I!?Y?_!KG0&KG06T15'(0%!&('+&!O+6+!L5%)511T!Z51(*5'+*I!
!
N0@"*'"&#B@"%B'*)2H3*$(OB(,/0,@*P2H34$(OQ**
N0'51!?cY!O5&!+H'654'+*!M60L!37C@!5%*!/N=@=!4+11&!'6+5'+*!06!%0'!O('G!?Y!M06!=GI! !NG+!
1(P656(+&! 0M! '+LK15'+! L01+4)1+&! &)('5P1+! M06! G(2G! 'G60)2GK)'! JcY! &+.)+%4(%2! O+6+!
K6+K56+*! M0110O(%2! 'G+! $11)L(%5! K60'0401! 5&! K6+Z(0)&1T! *+&46(P+*! #";8I! [+.)+%4+* ?+5*&!
O+6+!L5KK+*!0%'0!'G+!LL;!5&&+LP1T!0M! 'G+!L0)&+!2+%0L+!PT!)&(%2!N0KG5'!Z"I=I"!#EA8!
5%*!'G+!P0O'(+!ZAI"EI@!51(2%+6I*,+%+!+HK6+&&(0%!O5&!.)5%'(M(+*!)&(%2!\N[+.!ZAIWIUKU!!#E"8!
5%*! 2+%+! 5%%0'5'(0%&! M60L! S%&+LP1! 6+1+5&+! <<I! J5'5! %06L51(h5'(0%! 5%*! 40LK56(&0%&! 0M!
(%'+6+&'!O+6+!K+6M06L+*!)&(%2!'G+!&'5'(&'(451!L+'G0*!K60K0&+*!PT!Y%*+6&!5%*!\)P+6!#E"8!
(LK1+L+%'+*! (%! 'G+! JS[+.! ZI"I<I"! /(040%*)4'06! K54F52+I! DRZ51)+&! O+6+! 5*`)&'+*! M06!
L)1'(K1+!'+&'(%2!PT!)&(%2!'G+!/+%`5L(%(!5%*!\04GP+62!#EE8!L+'G0*I!^%1T!2+%+&!O('G!v102E!
M01*R4G5%2+v!w!"!06!uR"!5%*!5*`)&'+*!KRZ51)+!u!AIAW!O+6+!40%&(*+6+*I!C)%4'(0%51!5%51T&+&!0M!
'G+&+!2+%+&!O+6+!K+6M06L+*!)&(%2!'G+!35%'+(5!K60265L!#EU8I!
*
2.4O!:2!5%*!:"&#)+'0,*E))B,#%&(/0%0'+'0#,*P:"E!Q*(K%(&0)(,'$!O+6+!K+6M06L+*!5&!
*+&46(P+*!K6+Z(0)&1T!#E=8I!D6(L+6!&+.)+%4+&!56+!5Z5(15P1+!)K0%!6+.)+&'*
*
!
! !
193
! ;!
!
2($B7'$*
:#)%+&0$#,*#1*'"(*%"#$%"#&97+'(-*%&#'(0,$*0,*8:RS*+,-*G.TST*/(77$*
C(6&'!O+!(%Z+&'(25'+*!OG+'G+6!'G+!210P51!KG0&KG0K60'+0L+!(&!5MM+4'+*!(%!'G+!?YR6+&(&'5%'!
/N=@=! 4+11&9! 40LK56+*! '0! 'G+! ?Y! 6+&K0%&(Z+! 37C@! 4+11&9! (%! 5! 1562+R&451+! %5%0RB7RBN]R
^6P('65K!3[! 5KK6054G! #C(2! "Y8I! Y&! 'G+! +MM+4'&! 0M! ?Y! 0%! 'G+! &(2%51(%2! K5'GO5T&! 56+! Z+6T!
65K(*!#;9!EW89!'G+!4+11&!O+6+!'6+5'+*!O('G!?Y!06!'G+!&01Z+%'!M06!5!&G06'!'(L+!#UA!L(%8I!!
c)41+56!5%*!4T'0&01(4!+H'654'&!O+6+!K6+K56+*!5%*!*(Z(*+*!(%!'O0!M06!*(MM+6+%'!K60'+01T'(4!
*(2+&'(0%&I! ^%+! G51M! O5&! *(2+&'+*! O('G! '6TK&(%! (%! 40LP(%5'(0%! O('G! BT&R79! OG(4G! P0'G!
41+5Z+! K+K'(*+&! 456P0HT'+6L(%51! 0M! 'G+! 5L(%0! 54(*&! BT&! 5%*! Y62I! [)4G! 5! 40LP(%5'(0%!
6+*)4+&! L(&&+*! 41+5Z52+&! *)+! '0! (%G(P('(0%! 0M! '6TK&(%! )%*+6! 'G+! *+%5')6(%2! 40%*('(0%&!
6+.)(6+*! M06! *(2+&'(0%! 0M! '(2G'1T! M01*+*! K60'+(%&I! NG+! 0'G+6! G51M! O5&! *(2+&'+*! O('G!
4GTL0'6TK&(%9! OG(4G! 41+5Z+&! K+K'(*+&! 456P0HT! '+6L(%51! 0M! 560L5'(4! #NT69! N6K9! DG+8! 06!
GT*60KG0P(4! #B+)8! 5L(%0! 54(*&I! 70LP(%+*! *5'5! 0P'5(%+*! M60L! 'O0! *(MM+6+%'! K60'+01T'(4!
*(2+&'&!O('G!*(MM+6+%'!41+5Z52+!K5''+6%&!(%46+5&+!&+.)+%4+!40Z+652+!#E<8I!NG(&!(&!(LK06'5%'!
+&K+4(511T! OG+%! 10451(h5'(0%! 0M! 5! L0*(M(45'(0%! (&! *+&(6+*! 65'G+6! 'G5%! &(LK1+! K60'+(%!
(*+%'(M(45'(0%I!C(%511T9!O+!5%51Th+*!5!'0'51!0M!"<!&5LK1+&!'6+5'+*!06!%0'!O('G!?YI!
Y%! 51(.)0'! 0M! 'G+! '6TK&(%gBT&R7! *(2+&'+*! &5LK1+&! O5&! &)PL(''+*! *(6+4'1T9! O('G0)'!
KG0&KG0K+K'(*+!+%6(4GL+%'9!'0!%5%0RB7RBN]R^6P('65K!3[9! (%!06*+6!'0!5%51Th+!'G+!0Z+6511!
K60'+(%! 40LK0&('(0%! 0M! 'G+! +H'654'&I! C06! +54G! 4+11! 1(%+9! O+! &+1+4'+*! 0%1T! 'G+! K60'+(%&!
(*+%'(M(+*! O('G! 5'! 1+5&'! 'O0! K+K'(*+&! O('G! G(2G! 40%M(*+%4+! (%! P0'G! 'G+! Z+G(41+R! 5%*! ?YR!
'6+5'+*! +H'654'&I! :&(%2! 'G(&! &'65'+2T9! EE"E! 5%*! EEVW! K60'+(%&! O+6+! (*+%'(M(+*! (%! 'G+!
4T'0&01(4! +H'654'&! 0M! 'G+!37C@! 5%*!/N=@=! 4+11! 1(%+&! 6+&K+4'(Z+1TI! 70%4+6%(%2! 'G+! %)41+56!
+H'654'&9!"W=W!K60'+(%&!O+6+!(*+%'(M(+*!(%!37C@!4+11&!5%*!"<=W!(%!/N=@=!4+11&!#N5P1+!["8I!!
NG+%! 'G+! 6+L5(%(%2! '6TK&(%gBT&R7R*(2+&'+*! &5LK1+&! 5%*! 'G+! 4GTL0'6TK&(%R*(2+&'+*!0%+&!
O+6+! &)PL(''+*! '0! KG0&KG0K+K'(*+! +%6(4GL+%'! 5%*! 5%51Th+*I! NG+! &406+&! 0M! 'G+! 'O0!
*(2+&'(0%! K60'0401&! O+6+! 40LP(%+*! 5%*! 'G+! KG0&KG0K+K'(*+&! 4066+&K0%*(%2! '0! 'G+!
K60'+(%&! &+1+4'+*! 5P0Z+! O('G0)'! KG0&KG0+%6(4GL+%'! #N5P1+! ["8! O+6+! 40%&(*+6+*I! ^%1T!
K60'+(%&!O('G!5'!1+5&'!0%+!KG0&KG06T15'+*!K+K'(*+!O('G!G(2G!40%M(*+%4+!O+6+!40%&(*+6+*I!!
*
!"#$%"&'()*+','-%+'#*&#,&./#0./#.).+'()0&
194
! "A!
$%! )%'6+5'+*! 37C@! 4+11&9! 5! '0'51! 0M! "<U@! )%(.)+! KG0&KG0K+K'(*+&! #"<U"! KG0&KG0&('+&8!
P+10%2(%2! '0! <=A! KG0&KG06T15'+*! K60'+(%&! O+6+! &406+*! (%! 'G+! 4T'0&01I! $%! 'G+! %)41+56!
+H'654'&9! "@=;! )%(.)+! KG0&KG0K+K'(*+&! #"@WA! KG0&KG0&('+&8! P+10%2(%2! '0! W@E!
KG0&KG06T15'+*!K60'+(%&!O+6+!&406+*!#N5P1+&!["!5%*![E!5%*!C(2!EY8I!NG(&!(%*(45'+&!'G5'9!(%!
37C@! 4+11&9! 560)%*! E;e! 0M! 'G+! 4T'0&01(4! K60'+(%&! 5%*! U@e! 0M! 'G+! %)41+56! K60'+(%&! 56+!
KG0&KG06T15'+*!#C(2!E/8I! $%!40%'65&'9!)%+HK+4'+*1T9! (%!/N=@=!4+11&9! 'G+!%)LP+6!0M!)%(.)+!
KG0&KG0K+K'(*+&9!KG0&KG0&('+&!5%*!KG0&KG06T15'+*!K60'+(%&!O5&!560)%*!EAe!10O+6!'G5%!
(%!37C@!4+11&!#C(2!EY!5%*!E/8I*
c+H'9! K5''+6%&! 5L0%2! 'G+! (*+%'(M(+*! KG0&KG06T15'(0%! &('+&!O+6+! +H5L(%+*! #&++!L5'+6(51&!
5%*!L+'G0*&8!5%*!O+6+!M0)%*!'0!P+!Z+6T!&(L(156!(%!P0'G!4+11!1(%+&I!![(L(156!'0!0'G+6!&')*(+&!
#E@9!EV89!O+!0P&+6Z+*!L0&'1T![+6!KG0&KG06T15'(0%! #VAe89! M0110O+*!PT!NG6! #@e8!5%*!NT6!
#A9Ue8!#C(2!E78I!NG+!%)LP+6!0M!KG0&KG06T15'+*!6+&(*)+&!O('G(%!+54G!KG0&KG0K+K'(*+!O5&!
51&0! 5%51Th+*I! NG+! L5`06('T! 0M! 'G+! KG0&KG0K+K'(*+&! 40%'5(%+*! "! &('+! #WAe8! 06! E! &('+&!
#=Ae8! #C(2! EJ8I! ^%1T! "Ae! 40%'5(%+*! U! KG0&KG06T15'+*! &('+&I! d+! 'G+%! +H5L(%+*! 'G+!
%)LP+6!0M!KG0&KG06T15'+*!&('+&!O('G(%!+54G!KG0&KG0K60'+(%!5%*!O+!0P&+6Z+*!'G5'!<Ae!0M!
'G+! KG0&KG0K60'+(%&! 56+! KG0&KG06T15'+*! 5'! E! 06! L06+! 6+&(*)+&! #C(2! ES9! C8I! ^%1T! 5! M+O!
K60'+(%&! #Ee8! 4566(+*!L06+! 'G5%! "A! &('+&I! Y&! 5%! +H5LK1+9! 'G+! &+6(%+g562(%(%+! 6+K+'('(Z+!
L5'6(H! K60'+(%&! "! 5%*! E! #[??3"! 5%*! [??3E8! O+6+! KG0&KG06T15'+*! 5'! U<! 5%*! V;! &('+&!
6+&K+4'(Z+1T! (%! 'G+! %)41+)&! #N5P1+! [E8I! NG+%9! 'G+! L0'(M&! 0M! 'G+! KG0&KG0K+K'(*+&! O+6+!
+H5L(%+*!5%*!K601(%+R*(6+4'+*!#[D8!5%*!54(*(4!&('+&!#[J!5%*![S8!O+6+!M0)%*!'0!P+!'G+!L0&'!
40LL0%!#C(2!U8I![+Z+651!KG0&KG0K60'+(%&!+H+LK1(M(+*!PT![??3"!5%*![??3E!40%'5(%!'G+!
'O0!'TK+&!0M!&('+&!#N5P1+![E8I!
!
1#2.%3'0#*&#,&+/)&4156&%*(&78969&./#0./#.3#+)'*0&.3#,'")0&
C(6&'9!'G+!210P51!K60'+(%!K60M(1+&!0M!'G+!'O0!4+11!1(%+&!O+6+!40LK56+*I!NG+!j+%%!*(5265L&!(%!
C(2!=Y!&G0O!'G5'!560)%*!EAe!0M!'G+!K60'+(%&!(*+%'(M(+*!(%!37C@!4+11&!#'6+5'+*!06!%0'!O('G!
?Y8!O+6+!%0'!*+'+4'+*!(%!/N=@=!4+11&!5%*!6+4(K604511TI!c0'+!'G5'!'G+&+!*(MM+6+%'(51!K60'+(%&!
*+K(4'+*! 10O! 5P)%*5%4+I! NG+6+M06+! 0%1T! 'G+! K60'+(%&! *+'+4'+*! (%! P0'G! 4+11! 1(%+&! O+6+!
40%&(*+6+*! M06! KG0&KG06T15'(0%! 5%51T&(&I! $%! )%'6+5'+*! 37C@! 4+11&9! =@U! KG0&KG06T15'+*!
K60'+(%&! O+6+! (*+%'(M(+*! (%! 'G+! 4T'0K15&L(4! 5%*! %)41+56! +H'654'&! #C(2! =Y8I! $%! )%'6+5'+*!
195
! ""!
/N=@=! 4+11&9! =AV! 5%*! ="A! KG0&KG0K60'+(%&! O+6+! (*+%'(M(+*! (%! 'G+! 4T'0&01(4! 5%*! %)41+56!
+H'654'&!6+&K+4'(Z+1T!#C(2!=Y8I!!
NG+%! 'G+! KG0&KG06T15'+*! K60'+(%&! O+6+! 5&&(2%+*! '0! M)%4'(0%51! 260)K&9! 54406*(%2! '0!
+%6(4G+*!,+%+!^%'0102T! #,^89!)&(%2! 'G+!35%'+(5!K60265L!#G''KQggL5%'+(5I(2PL4IM68! #EU8I!
NG(&! 5%51T&(&! (*+%'(M(+*! (%! 'G+! 4T'0&01! 0M! P0'G! 4+11! 1(%+&9! K60'+(%&! (%Z01Z+*! (%! &(2%51!
'65%&*)4'(0%!(%41)*(%2!6+2)15'06&!0M!&L511!,ND5&+&!#?Y/B<9!?/D"9!S[VB"8!5%*!6+2)15'06T!
&)P)%('&! 0M! 4T41(4! Y3DR*+K+%*+%'! K60'+(%! F(%5&+&! #fYDE9! fYDA8I! $'! 51&0! (*+%'(M(+*!
4G5K+60%+&!5%*!K60'+(%&!0M!'G+!'65%&15'(0%!5%*!'65%&K06'g+HK06'!&T&'+L&I!$%!40%'65&'9!'G+!
%)41+56! KG0&KG06T15'+*! K60'+(%&! O+6+! +%6(4G+*! (%! JcY! *5L52+! 5%*! 6+K5(69! L?cY!
K604+&&(%2! #&K1(4(%2! M54'06&89! G(&'0%+! L0*(M(45'(0%&9! '65%&46(K'(0%9! %)41+56! +HK06'9! ?cY!
P(%*(%2! 5%*! KG0&KG0R'65%&M+6I! NG+! L5`06! KG0&KG0K60'+(%&! 260)K+*! 54406*(%2! '0!
KGT&(0102(451!K604+&&+&!56+!&G0O%!(%!N5P1+&!"!5%*!EI!!
c+H'! 'G+! 4T'0&01(4! 5%*! %)41+56! KG0&KG0K60'+(%&! (*+%'(M(+*! (%! )%'6+5'+*!37C@! 4+11&!O+6+!
460&&+*! O('G! 'G0&+! 0M! /N=@=! 4+11&I! 30&'! (%'+6+&'(%21T! ;Ae! 0M! 'G+! KG0&KG0K60'+(%&!
(*+%'(M(+*!(%!37C@!4+11&9!O+6+!51&0!(*+%'(M(+*!(%!/N=@=!4+11&!#C(2!=/!5%*!N5P1+![U8I!!^%1T!5!
M+O!K60'+(%&!+H+LK1(M(+*!PT!'G+!4T'0&01(4!K60'+(%&!$CW!5%*!DSx"=!5%*!'G+!%)41+56!K60'+(%&!
[Y["A9![ScDU!5%*!c^DW<!O+6+!KG0&KG06T15'+*! (%!37C@!4+11&! 5%*!%0'! (%!/N=@=!4+11&I! $%!
40%'65&'9! 'G+!%)LP+6!0M!KG0&KG0K+K'(*+&! 4066+&K0%*(%2! '0! +6P/RE!O5&!@A! M01*!G(2G+6! (%!
/N=@=!4+11&!'G5%!(%!37C@!4+11&!#N5P1+&!["!5%*![E89!Z51(*5'(%2!0)6!5KK6054GI!!
!
1#2.%3'0#*&#,&+/)&:;<3)=>"%+)(&./#0./#.3#+)'*&.3#,'")0&&
$%!P0'G!4+11!1(%+&9!?Y!'6+5'L+%'!5MM+4'+*!%+('G+6!'G+!K6+M+6+%4+!M06![+6!KG0&KG06T15'(0%!#C(2!
E78!%06!'G+!K+64+%'52+!0M!L0%0R!5%*!P(RKG0&KG06T15'+*!K+K'(*+&!#C(2!EJ8I!
$%! 37C@! 4+11&! 4T'0&01(4! +H'654'&9! ?Y! '6+5'L+%'! 5MM+4'+*! 0%1T! L(*1T! 'G+! e! 0M!
KG0&KG0K60'+(%&9!'G+!%)LP+6!0M!)%(.)+!KG0&KG0K+K'(*+&!5%*!'G+!%)LP+6!0M!KG0&KG0&('+&!
K+6!K60'+(%!#C(2I!EY9!E/9!ES!5%*!C(2!=Y8I!306+0Z+69!;Ae!0M!'G+!4T'0&01(4!KG0&KG0K60'+(%&!
O+6+!(*+%'(M(+*!(%!P0'G!'G+!40%'601!5%*!?YR'6+5'+*!&5LK1+&!#C(2!=79!1+M'8I!\0O+Z+69!5L0%2!
'G+&+! 40LL0%! KG0&KG0K60'+(%&9! 560)%*! "Ae!O+6+! )KR! #65'(0! D[3!?Yg7! w! E89! 06! *0O%R!
#65'(0! D[3! ?Yg7! y! AIW8! 6+2)15'+*! #N5P1+! "! 5%*! N5P1+! [U8I! Y&! 5%! +H5LK1+9! 'G+!
KG0&KG06T15'(0%!0M! '65%&15'(0%! M54'06&! #\c?BE!5%*!\c?B"8!O5&!*+46+5&+*9!OG(1+! 'G5'!0M!
K60'+(%&!(%Z01Z+*!(%!1(K(*!L+'5P01(&L!#3^?7E9!D7sN"Y8!O5&!(%46+5&+*!(%!6+&K0%&+!'0!?Y!
196
! "E!
Y%! (%46+5&+! (%! KG0&KG06T15'(0%! 51&0! 40%4+6%+*! F(%5&+&! &)4G! 5&! DYfE9! 5! *0O%&'6+5L!
+MM+4'06!0M!'G+!&L511!,ND5&+&!'G5'!54'(Z5'+&!'G+!3YDf!K5'GO5T&9!40660P065'(%2!'G5'!?Y!45%!
54'(Z5'+!'G(&!K5'GO5TI!!
['6(F(%21T9! (%! 'G+! 37C@! %)41+56! +H'654'&9! ?Y! (%*)4+*! 5! EAe! *+46+5&+! (%! 'G+! %)LP+6! 0M!
KG0&KG0K60'+(%&9! KG0&KG0K+K'(*+&! 5%*! KG0&KG0&('+&! #C(2! EY9! E/! 5%*! C(2! =Y9! =7! 6(2G'8I!
306+0Z+69!"Ve!0M!'G+!%)41+56!KG0&KG0K60'+(%&!(*+%'(M(+*!P0'G!(%!'G+!5P&+%4+!5%*!K6+&+%4+!
0M!?Y9!*+K(4'+*!5!*+46+5&+!(%!'G+(6!KG0&KG06T15'(0%!&'5')&!(%!6+&K0%&+!'0!?Y!#N5P1+![U!5%*!
N5P1+!E8I!NG+&+!*0O%R6+2)15'+*!KG0&KG0K60'+(%&!56+!(%Z01Z+*!(%!JcY!*5L52+!5%*!6+K5(6!
#3Y[\<89!L?cY! K604+&&(%2! #C$D"9! [?[""! 5%*!J\x"<89! 06! 56+! G(&'0%+!L0*(MT+6&! #D<</8!
#N5P1+! E8I! c0'+! 'G5'! 'G+! *(MM+6+%'(51! KG0&KG06T15'(0%! 0M! 'G+&+! K60'+(%&! *0+&! %0'! 6+M1+4'!
4G5%2+&!(%!'G+(6!5P)%*5%4+!#N5P1+!["8I!!
?+L56F5P1T9! (%! /N=@=! 4+11&9! ?Y! G5*! *(MM+6+%'! +MM+4'&I! $%*++*9! 'G+! %)LP+6! 0M!
KG0&KG0K+K'(*+&9! KG0&KG0&('+&! 5%*! KG0&KG0K60'+(%+&! (%46+5&+*! PT! EAe! (%! P0'G! 'G+!
4T'0&01(4! 5%*! %)41+56! +H'654'&! 5M'+6! ?Y! '6+5'L+%'! #C(2I! EY! 5%*! EC8I! Y&! 5%! +H5LK1+9! 'G+!
4T'0&01(4!K60'+(%&!$CW!5%*!DSx"=9!5%*!'G+!%)41+56!K60'+(%&!c^DW<!5%*![Y["A9!OG(4G!O+6+!
%0'! KG0&KG06T15'+*! (%! 'G+! )%'6+5'+*! 4+11&9! P+45L+! KG0&KG06T15'+*! )K0%! ?Y! 5**('(0%!
#N5P1+&! "! 5%*! E9! N5P1+! [U8I! 306+0Z+69! E=e! 0M! 'G+! K60'+(%&! 'G5'! O+6+! 516+5*T!
KG0&KG06T15'+*!(%!'G+!)%'6+5'+*!4+11&!&G0O+*!5!L56F+*!(%46+5&+!(%!'G+(6!KG0&KG06T15'(0%!
&'5')&!5M'+6!?Y!5**('(0%I!Y&!5%!+H+LK1+9! (%! 'G+!4T'0&01! #N5P1+!"89! 'G(&! (%46+5&+!40%4+6%+*!
+&&+%'(511T! K60'+(%&! (%Z01Z+*! (%! 'G+! YF'! K5'GO5T! #YfN["8I! $%! 'G+! %)41+)&! #N5P1+! E89! ('!
40%4+6%+*! G(&'0%+&!L0*(M(+6&! #\JY7"9! \JY7E9! B?dJ"9! [:z"E! 5%*! ??DV89! '65%&46(K'(0%!
M54'06&! #BS^"8! 5%*! K60'+(%&! (%Z01Z+*! (%! ?cY! &K1(4(%2! #N?YE/9! [CU/E8I! c0'+! 'G5'! 'G+&+!
K60'+(%&! O+6+! %0'! 6+2)15'+*! (%! 37C@! 4+11&I! ?+4(K604511T9! 'G+! K60'+(%&! )KR! 06! *0O%R!
6+2)15'+*!(%!37C@!4+11&9!O+6+!%0'!5MM+4'+*!(%!/N=@=!4+11&I!Y1'02+'G+69!'G+&+!6+&)1'&!(%*(45'+!
'G5'!?Y!*(MM+6+%'(511T! (LK54'&! 'G+!KG0&KG0K60'+0L+!0M!37C@!5%*!/N=@=!4+11&I!NG+!L5`06!
*(MM+6+%4+&!40%4+6%!K60'+(%&!(%Z01Z+*!(%!&(2%51!'65%&*)4'(0%!5%*!(%!'65%&46(K'(0%I!!!!
!
:#)%+&0$#,*#1*232L*%"#$%"#&97+'0#,*+1'(&*23*+--0'0#,*'#*8:RS*+,-*G.TST*/(77$*
/0'G! 37C@! 5%*! /N=@=! 4+11&! +HK6+&&! 'G+! ?Y?_! &)P'TK+I! \0O+Z+6! ?Y?_! 40)1*! %0'! P+!
*+'+4'+*!(%!'G+!5P0Z+!%5%0RB7RBN]R^6P('65K!3[!5KK6054G9!(%*(45'(%2!'G5'!('&!5P)%*5%4+!(&!
'00! 10O! M06! *+'+4'(0%! (%! 'G+&+! 40%*('(0%&I! NG+6+M06+9! '0! *+'+6L(%+! 'G+! 4G5%2+&! (%! ?Y?_!
197
! "U!
KG0&KG06T15'(0%! K5''+6%&! )K0%!?Y! '6+5'L+%'! 0M!37C@! 5%*!/N=@=! 4+11&9!O+! K+6M06L+*! 5!
1562+R&451+!4)1')6+!0M!'G+!4+11&I!NO0!(%*+K+%*+%'!P(0102(451!6+K1(45'+&!O+6+!K+6M06L+*!M06!
+54G! 4+11! 1(%+! O('G! 5%*! O('G0)'! ?Y! '6+5'L+%'! #UA! L(%8I! NG+%! ?Y?_! O5&! +%6(4G+*! PT!
(LL)%0K6+4(K('5'(0%! O('G! 5%'(P0*(+&! 65(&+*! 5%*! K)6(M(+*! (%! G0)&+! #&++! L5'+6(51&! 5%*!
L+'G0*&8!P+M06+!K60'+01T'(4!*(2+&'(0%!5%*!%5%0RB7RBN]R^6P('65K!3[!5%51T&(&!#C(2!"/8I!!
$'!L)&'!P+!%0'+*!'G5'!(%!'G+!40%'+H'!0M!?Y?_9!'6TK&(%!*(2+&'(0%!O5&!%0'!40%Z+%(+%'I!$%*++*9!
('!2+%+65'+*!L)1'(K1+!K+K'(*+&!0)'&(*+!0M!'G+!*+'+4'5P1+!&(h+!65%2+!#"=REA!5L(%0!54(*&8!5%*!
'G)&!1+*!'0!0%1T!{!WA!e!0M!&+.)+%4+!40Z+652+I!306+0Z+69!5M'+6!KG0&KG0K+K'(*+!+%6(4GL+%'9!
%0! 06! Z+6T! M+O! ?Y?_! KG0&KG0K+K'(*+&! O+6+! *+'+4'+*9! &)22+&'(%2! 'G5'! 'G+! K0'+%'(51!
KG0&KG06T15'(0%! &('+&! O+6+! L5(%1T! 1045'+*! (%! 'G+! %0%R40Z+6+*! &+.)+%4+I! NG+6+M06+! O+!
&+564G+*!M06!P+''+6!+%hTL+&!5%*!O+!&+1+4'+*!'G+6L01T&(%9!OG(4G!41+5Z+&!5'!'G+!cR'+6L(%)&!
0M! 'G+! GT*60KG0P(4! 6+&(*)+&! B+)9! DG+9! j519! $1+9! Y15! 5%*! 3+'I! NG(&! +%hTL+! 1+*! '0! G(2G+6!
&+.)+%4+! 40Z+652+9! +&K+4(511T! (%! 'G+! cR'+6L(%51! *0L5(%! #cNJ8! 0M! ?Y?_9! 5%*! 2+%+65'+*!
K60K+61T!&(h+*!K+K'(*+&!+LP+**(%2!'G+!KG0&KG06T15'(0%!&('+&I!C(%511T9!'G+!KG0&KG0K+K'(*+&!
0P'5(%+*!5M'+6!'G+6L01T&(%!*(2+&'(0%!!O+6+!+%6(4G+*!0%!D\^[R[+1+4'!P+5*&!5%*!5%51Th+*!PT!
%5%0RB7RBN]R^6P('65K!3[!#N5P1+![=8I!
$%!'G+!'O0!4+11!1(%+&9!(%!'G+!5P&+%4+!0M!?Y9!O+!(*+%'(M(+*!K+K'(*+&!L0%0RKG0&KG06T15'+*!5'!
*(MM+6+%'![+6!6+&(*)+&!1045'+*!(%!'G+!cNJ!#[U<9![@@8!5%*!(%!'G+!7R'+6L(%51!*0L5(%!#[==W8!
#C(2!WY8I![@@!5%*![==W!O+6+!516+5*T!M0)%*!'0!P+!KG0&KG06T15'+*!(%!5!K6+Z(0)&!&')*T!#E;8I!
\0O+Z+69! [U<! (&! 5! %0Z+1! cR'+6L(%51! K601(%+R*(6+4'+*! KG0&KG06T15'(0%! &('+I! NG+! 3[R3[!
&K+4'65!0M!'G+!K+K'(*+&!KG0&KG06T15'+*!5'!'G+&+!6+&(*)+&!56+!&G0O%!(%!C(2I!W/I!$%!P0'G!4+11!
1(%+&9!'G+!%)LP+6!0M!'G+&+!KG0&KG0K+K'(*+&!*(*!%0'!4G5%2+!&(2%(M(45%'1T!5M'+6!?Y!5**('(0%!
#C(2!W78I!!!!
?+L56F5P1T9! K+K'(*+&! P(RKG0&KG06T15'+*! 5'! [@@! 5%*! [@=! #N5P1+! [=8!O+6+! 51&0! (*+%'(M(+*I!
YM'+6!?Y!5**('(0%!'0!37C@!4+11&9!'G+!%)LP+6!0M!'G+&+!P(RKG0&KG06T15'+*!K+K'(*+&!(%46+5&+*!
L56F+*1T! #C(2!W78I! NG+!%0Z+1'T! 0M! 'G(&! &')*T! (&! 'G5'! %0'! 0%1T! 'G+!KG0&KG06T15'(0%!0M! [@@!
#EW8!P)'!51&0!'G5'!0M![@=!(%46+5&+&!(%!6+&K0%&+!'0!?YI!c0'+!'G5'![@=!KG0&KG06T15'(0%!O5&!
%+Z+6! *+'+4'+*! (%! 'G+! 5P&+%4+! 0M! [@@! KG0&KG06T15'(0%I! Y4406*(%2! '0! 0)6! K6+Z(0)&! &')*T!
40LP(%(%2!L)'52+%+&(&!5%*!KG0&KG0K+K'(*+!L5KK(%2!#E;89!'G+!&)P&'(')'(0%!0M![@@!O('G!5%!
515%(%+!(%*)4+*!'G+!*(&5KK+565%4+!0M!'G+!KG0&KG0K+K'(*+!OG(1+!'G+!&)P&'(')'(0%!0M![@=!*(*!
%0'9!(%*(45'(%2!'G5'!KG0&KG06T15'(0%!0M![@=!*+K+%*&!0%!'G5'!0M![@@I!!
198
! "=!
$%!40%'65&'9!(%!/N=@=!4+11&9!'G+!%)LP+6!0M!K+K'(*+&!P(RKG0&KG06T15'+*!5'![@=!5%*![@@!O5&!
%0'! (%46+5&+*! )K0%! ?Y! 5**('(0%! #C(2! W78I! 7011+4'(Z+1T9! 'G+&+! 6+&)1'&! (%*(45'+! 'G5'! 'G+!
KG0&KG06T15'(0%!&'5')&!0M!?Y?_!(%46+5&+&!(%!6+&K0%&+!'0!?Y!(%!?YR&+%&('(Z+!4+11&!5%*!%0'!(%!
?YR6+&(&'5%'!S?//ER!K0&('(Z+!4+11&I!!
!
F(,#)(4U0-(*/#)%+&0$#,*#1*'"(*234&(@B7+'(-*@(,($*0,*8:RS*+,-*G.TST*/(77$V*!
$%!K6+Z(0)&!&')*(+&9!O+!6+K06'+*!'G5'!'G+!KG0&KG06T15'(0%!0M!&+Z+651!M54'06&9!(%41)*(%2!'G+!
KG0&KG06T15'(0%!0M!?Y?_!5'![@@9!(&!6+.)(6+*!M06!'G+!?YR(%*)4+*!54'(Z5'(0%!0M!45%0%(451!?Y!
'562+'&!2+%+&!#"@9!EW9!E;8I!NG+6+M06+! 'G+!37C@!5%*!/N=@=!4+11&!O+6+!40LK56+*! M06! 'G+(6!
6+K+6'0(6+! 0M! ?YR6+2)15'+*! 2+%+&! #?YR'6+5'+*! Z+6&)&! )%'6+5'+*89! (%! G(2G! 'G60)2GK)'!
&+.)+%4(%2! +HK+6(L+%'&! #N5P1+! [W8I! C06! +54G! 4+11! 1(%+9! 5! 1(&'! 0M! )KR! 5%*! *0O%R6+2)15'+*!
2+%+&! O5&! 2+%+65'+*I! [+Z+651! 0M! 'G+&+! ?YR6+2)15'+*! 2+%+&! *+K(4'! ?YR6+&K0%&+! +1+L+%'&!
'G5'!P(%*!?Y?&!#U9!E=9!EW8I!
$%'+6+&'(%21T9!37C@!4+11&!*+K(4'+*!=Ae!L06+!?YR6+2)15'+*!2+%+&!'G5%!/N=@=!4+11&!#C(2!<8I!
306+0Z+69!VAe!0M!'G+!2+%+&!'G5'!O+6+!6+2)15'+*!PT!?Y!(%!37C@!4+11&!O+6+!%0'!6+2)15'+*!(%!
/N=@=! 4+11&! #C(2! <8I! NG+&+! 2+%+&! 56+! 6+15'+*! '0! O5'+6! 5%*! (0%&! '65%&K06'5'(0%! #+,-./*
0122.+89!L06KG02+%+&(&!#345+6/*34578/*345+98!5%*!(%!&(2%51(%2!&)4G!5&!2+%+&!+%40*(%2!
?G0!2)5%(%+!%)41+0'(*+!+H4G5%2+!M54'06&!#+:3;<=>>89!,!K60'+(%&!40)K1+*!6+4+K'06&!#;-:*
.?6+/* ;-:.?67/* ;-:@./* ;-:>AB.89! L+LP+6&! 0M! 'G+! N)L06! %+460&(&! M54'06&! K5'GO5T!
#C2=+D-E/*C2=0=.98!5%*!K60'+(%!F(%5&+&!#-CFE78I!
NG+! 6+L5(%(%2! EAe! 0M! 'G+! ?YR6+2)15'+*! 2+%+&! (%!37C@! 4+11&! O+6+! 51&0! ?YR6+2)15'+*! (%!
/N=@=!4+11&!#C(2!<8!P)'!*(MM+6+%'(511TI!Y&!5%!+H+LK1+9!'G+!3GHI.!#\0L+0P0H!J"8!2+%+!O5&!
)KR6+2)15'+*! (%! 37C@! 4+11&9! P)'! *0O%R6+2)15'+*! (%! /N=@=! 4+11&I! ?+4(K604511T9! 2+%+&!
+%40*(%2! K60'+(%&! (%Z01Z+*! (%! 'G+! &K1(4+&0&0L+! #:2J.! 2+%+&8! O+6+! *0O%R6+2)15'+*! (%!
37C@! 4+11&! P)'! )KR6+2)15'+*! (%! /N=@=! 4+11&I! ! ^'G+6! 45%0%(451! ?YR'562+'! 2+%+&! &)4G! 5&!
1KLE8!.! #4T'04G60L+! D=WA9! M5L(1T! E<9! &)PM5L(1T! P9! K01TK+K'(*+! "89! IM%'>!
#*+GT*602+%5&+g6+*)4'5&+! #[J?! M5L(1T8! L+LP+6! U89! 0$%!8! #['(L)15'+*! PT! 6+'(%0(4! 54(*!
2+%+!<!G0L010289!0GH6!#[?s!#&+H!*+'+6L(%(%2!6+2(0%!s8RP0H!;89!7$NE!#/N,!M5L(1T9!L+LP+6!
E8!O+6+!)KR6+2)15'+*!(%!P0'G!4+11!1(%+&!P)'!1+&&!+MM(4(+%'1T!(%!/N=@=!4+11&I!!
Y1'02+'G+6!'G+&+!6+&)1'&!&)22+&'!'G5'!?Y!6+&(&'5%4+!O0)1*!6+M1+4'!5!*+6+2)15'(0%!0M!L0&'!0M!
'G+! ?YR'562+'! 2+%+&I! $'! 45%! P+! K60K0&+*! 'G5'! 'G+! *+6+2)15'(0%! 0P&+6Z+*! (%! /N=@=! 4+11&!
199
! "W!
6+M1+4'&! 'G+! 5P&+%4+! 0M! KG0&KG06T15'(0%! 0M! ?Y?_! 5%*g06! 0'G+6! M54'06&! (%Z01Z+*! (%!
'65%&46(K'(0%9!&)P&+.)+%'!'0!'G+!*+6+2)15'(0%!0M!'G+!&(2%51(%2!K5'GO5T&I!
!
E,*234&($0$'+,'*G.TST*/(77$<*232L*0$*7($$*(110/0(,'79*&(/&B0'(-*'#*@(,(*%&#)#'(&$*
NG+!+HK6+&&(0%!0M!'G+!?YR'562+'!2+%+&!(&!40%'6011+*!PT!'G+!?YR(%*)4+*!6+46)('L+%'!0M!?Y?_!
'0!&K+4(M(4!6+&K0%&+!+1+L+%'&!#?Y?S&8!1045'+*!(%!'G+!K60L0'+6&!0M!'G+!'562+'!2+%+&I!Y&!'G(&!
6+46)('L+%'!6+.)(6+&!'G+!KG0&KG06T15'(0%!0M![@@g@=!#E=9!EW89!O+!(%Z+&'(25'+*!OG+'G+6!'G(&!
6+46)('L+%'!(&!5MM+4'+*!(%!/N=@=!(%!1(%+!O('G!'G+!*+M(4(+%'!KG0&KG06T15'(0%!0M!'G+!6+4+K'06I!
d+!5%51Th+*!'G+!6+46)('L+%'!0M!?Y?_!'0!'G+!K60L0'+6&!0M!'G+!45%0%(451!1KLE8!.!5%*!7$NE!
2+%+&9!OG(4G!56+!*0O%6+2)15'+*!(%!/N=@=!4+11&!40LK56+*!'0!37C@!4+11&!5&!40660P065'+*!(%!
?NR.D7?! +HK+6(L+%'&! #C(2! @Y! 5%*! @/8I! 7G$DR.D7?! +HK+6(L+%'&! O+6+! K+6M06L+*! 5%*!
&G0O+*! 'G5'! (%! 37C@! 4+11&9! ?Y?_! O5&! 65K(*1T! 6+46)('+*! '0! 'G+! ?Y?S! ! 1045'+*! (%! 'G+!
K60L0'+6!0M! 'G+!7$NE!2+%+!#C(2!@/8!5%*!'0!P0'G!'G+!K60H(L51!#?"8!5%*!*(&'51!#?E8!?Y?S&!
1045'+*!(%!'G+!K60L0'+6!0M!'G+!1KLE8+.!2+%+!#C(2!@Y8I!\0O+Z+6!?Y?_!6+46)('L+%'!'0!'G+&+!
+1+L+%'&! ! O5&! L56F+*1T! *+46+5&+*! (%! /N=@=! 4+11&! #C(2! @Y! 5%*! @/8I! ! 7011+4'(Z+1T9! 'G+&+!
6+&)1'&! (%*(45'+! 'G5'! 'G+! *(MM+6+%'(51! 2+%+! 6+2)15'(0%! 0P&+6Z+*! (%! 'G+!?YR6+&(&'5%'! /N=@=!
4+11&! L(2G'! P+! 4066+15'+*! 5'! 1+5&'! (%! K56'! '0! 5! *+M(4(+%'! KG0&KG06T15'(0%! 5%*! JcY!
6+46)('L+%'!0M!?Y?_I!
!
! !
200
! "<!
!
W0$/B$$0#,*
NG+!G)L5%!P6+5&'!45%4+6!4+11!1(%+&!37C@!5%*!/N=@=9!OG(4G!56+!6+&K0%&(Z+!5%*!6+&(&'5%'!'0!
?Y!6+&K+4'(Z+1T9!56+!L0*+1&!0M!4G0(4+!'0!5%51Th+!'G+!K5%+1&!0M!2+%+&!5%*!KG0&KG0K60'+(%&!
'G5'!56+!6+2)15'+*!PT!?Y!5&!O+11!5&!'G+!40%&+.)+%4+&!0M!5!*+6+2)15'+*!F(%0L+!*0O%&'6+5L!
0M!'G+!+6P/RE!'T60&(%+!F(%5&+!#UA9!U"8!0%!'G+!?Y!6+&K0%&+I!!d+!40LK56+*!'G+!'O0!4+11!1(%+&!
(%!5! 1562+R&451+!5%51T&(&!0M! 'G+!KG0&KG06T15'+*!K60'+(%&!5%*! (%!5!2+%0L+O(*+!5%51T&(&!0M!
'G+!?YR6+2)15'+*!2+%+&I!!
d+! '00F! 5*Z5%'52+! 0M! 'G+! 6+4+%'! ^6P('65K! '+4G%0102T! 40LP(%+*! '0! KG0&KG0K+K'(*+&!
+%6(4GL+%'9!'0!K+6M06L!'G+!M(6&'!3[!&')*T!0M!'G+!0Z+6511!KG0&KG06T15'(0%!+Z+%'&!(%*)4+*!PT!
?Y!5%*!0M!?Y?_!KG0&KG06T15'(0%I!d+!&)44++*+*!(%!5%51Th(%2!'G+!KG0&KG06T15'(0%!&('+&!0M!
?Y?_!5M'+6!&+Z+651!'+4G%(451!*+Z+10KL+%'&I!$%*++*!O+!G5*!'0!'5F+!(%'0!5440)%'!'G5'!?Y?_!
(&!5!10O!5P)%*5%4+!K60'+(%!5%*!'G5'!('&!KG0&KG0&('+&!56+!L(&&+*!0)'!)K0%!'6TK&(%!*(2+&'(0%I!
d+! &)44+&&M)11T! K60*)4+*! 5%'(P0*(+&9! OG(4G! +MM(4(+%'1T! +%6(4G+*! ?Y?_! PT!
(LL)%0K6+4(K('5'(0%I!d+!51&0!&+1+4'+*!'G+6L01T&(%9!OG(4G! 1+*!'0!G(2G!&+.)+%4+!40Z+652+!
5%*!2+%+65'+*!K60K+61T!&(h+*!K+K'(*+&!+LP+**(%2!'G+!KG0&KG06T15'(0%!&('+&I!
NG+!(%'+6+&'(%2!K0(%'!0M!'G(&!&')*T!(&!'G+!0P&+6Z5'(0%!'G5'!?Y!*0+&!%0'!G5Z+!'G+!&5L+!+MM+4'&!
0%! 'G+! KG0&KG0K60'+(%! K60M(1+&! 0M! 'G+!37C@! 5%*! /N=@=! 4+11&I! $%*++*9! (%!37C@! 4+11&9! ?Y!
(%46+5&+*! 'G+! KG0&KG06T15'(0%! 0M! 40LK0%+%'&! 0M! F(%5&+! K5'GO5T&9! 40%M(6L(%2! 'G5'! ?Y!
54'(Z5'+&!F(%5&+!45&45*+&!#;9!EW8I!$%!40%'65&'9!(%!/N=@=!4+11&9!?Y!*(*!%0'!5MM+4'!'G+&+!F(%5&+!
K5'GO5T&!P)'!54'(Z5'+*!0'G+6!K5'GO5T&!&)4G!5&!'G+!YF'!K5'GO5T9!OG(4G!P104F&!'G+!3YDf!
K5'GO5TI![)4G!6+&)1'&!(%*(45'+!'G5'!S?//E!5LK1(M(45'(0%!P104F&!'G+!5P(1('T!0M!?Y!'0!54'(Z5'+!
F(%5&+! 45&45*+&I! NG5'! 'G+! 3YDf! K5'GO5T! (&! %0'! ?YR54'(Z5'+*! (%! /N=@=! 4+11&! G5&! P++%!
40060P065'+*!(%!5%!0'G+6!&')*T!#;9!"@8I!
70%&+.)+%'1T9! 'G+! KG0&KG06T15'(0%! K60M(1+! 0M! &+Z+651! %)41+56! K60'+(%&! (%Z01Z+*! (%!
'65%&46(K'(0%!*(MM+6+*!(%!'G+!'O0!4+11!1(%+&!5M'+6!?Y!5**('(0%I!$%*++*!'G+!KG0&KG06T15'(0%!0M!
?Y?_! L56F+*1T! (%46+5&+*! (%! 37C@! 4+11&! P)'! %0'! (%! /N=@=! 4+11&I! 306+0Z+69! 'G+!
KG0&KG06T15'(0%! 0M! G(&'0%+! L0*(MT+6&! (%Z01Z+*! (%! 4G60L5'(%! &(1+%4(%2! #[:z"E9! ??DV9!
B?dJ"9!\JY7"!5%*!\JY7E8!O5&!(%46+5&+*!06!(%*)4+*!(%!/N=@=!4+11&!P)'!O5&!%0'!5MM+4'+*!
(%!37C@!4+11&I!!
!
201
! "@!
C(%511T! 0)6! 2+%0L+O(*+! 5%51T&(&! 0M! 'G+! ?YR6+2)15'+*! 2+%+&! (%*(45'+*! 'G5'! L0&'! 0M! 'G+!
2+%+&! 'G5'! 56+! 6+2)15'+*! (%! 37C@! 4+11&! 56+! %0'! (%! /N=@=! 4+11&I! NG+&+! 2+%+&! +%40*+!
+&&+%'(511T!F(%5&+&!5%*!0'G+6!K60'+(%&!(%Z01Z+*!(%!&(2%51(%2I!^%+!45%!&K+4)15'+!'G5'9!(%!'G+!
?YR6+&(&'5%'! /N=@=! 4+11&9! 'G+! 5P&+%4+! 0M! 6+2)15'(0%! 0M! 4+6'5(%! 2+%+&! PT! ?Y! L(2G'! P+!
4066+15'+*!5'!1+5&'!(%!K56'!'0!'G+!*+M(4(+%'!KG0&KG06T15'(0%!0M!?Y?_9!OG(4G!(&!6+.)(6+*!M06!
'G+!6+46)('L+%'!0M!'G+!6+4+K'06!'0!&K+4(M(4!K60L0'+6!+1+L+%'&I!$'!L(2G'!P+!51&0!4066+15'+*!!
'0! 'G+! KG0&KG06T15'(0%! 0M! 0'G+6! M54'06&9! 6+&)1'(%2! (%! 'G+! L5(%'+%5%4+! 0M! 4G60L5'(%!
&(1+%4(%2I![')*T(%2!'G+!601+!0M!'G+&+!M54'06&!(%!'G+!+HK6+&&(0%!0M!'G+!?Y?_R'562+'!2+%+&!5%*!
G0O!'G+!*+6+2)15'(0%!0M!'G+(6!KG0&KG06T15'(0%!1+5*&!'0!?Y!6+&(&'5%4+!(&!0)'!0M!'G+!&40K+!0M!
'G(&!L5%)&46(K'I!c+Z+6'G+1+&&!0)6!6+&)1'&!(%*(45'+!'G5'!S?//E!5LK1(M(45'(0%!(%'+6M+6+&!O('G!
'G+! %0%R2+%0L(4! +MM+4'&! 0M! ?Y! O('G! 40%&+.)+%4+&! 0%! 'G+! KG0&KG06T15'(0%! 0M! ?Y?_! 5%*!
&+Z+651! 0'G+6! %)41+56! K60'+(%&! (%Z01Z+*! (%! '65%&46(K'(0%! 5%*! 'G)&! 0%! 2+%+! +HK6+&&(0%I!
70%&(*+6(%2! 'G5'! KG0&KG06T15'(0%! K604+&&+&! 40%'601! +('G+6! K0&('(Z+1T! 06! %+25'(Z+1T! JcY!
P(%*(%2!5%*!K60'+(%RK60'+(%!(%'+654'(0%&!5%*!56+!K56'!0M!?Y!54'(0%!#E=9!EW9!UE89!'G(&!&')*T!
0K+%&!%+O!5Z+%)+&!(%!'G+!)%*+6&'5%*(%2!0M!'G+!*+6+2)15'(0%!0M!'G+!?Y!6+&K0%&+!(%!45%4+6!
06!0'G+6!*(&+5&+&I!
* *
202
! "V!
3/X,#U7(-@()(,'$**
d+!56+!265'+M)1!'0!/+''T!\+11+69!'G+!$,/37!4+11!4)1')6+!M54(1('T!5%*![5L(5!,50)56!M06!G+1KI!
d+! 51&0! 'G5%F! 7+1(%+! f+(L+! 5%*! /+6%56*! o0&'! M60L! 'G+! *++K! &+.)+%4(%2! K15'M06LI! ! NG(&!
O06F!O5&!&)KK06'+*!PT!M)%*&!M60L!7c?[9!$c[S?39!'G+!Y2+%4+!c5'(0%51+!K0)6!15!?+4G+64G+!
#Yc?RA;R/BYcRAE;@RA"89! 'G+! Y&&04(5'(0%! K0)6! 15! 6+4G+64G+! &)6! 1+! 75%4+6!
#DoYEA"="EA"@=<89! 'G+!C0%*5'(0%!K0)6! 15!?+4G+64G+!3-*(451+! #C?39!JS]EAA;AW"W=EU8!
5%*! 'G+! $%&'(')'!c5'(0%51!*)!75%4+6! #DBA;R";=8I! $'!O5&!51&0! &)KK06'+*!PT!Yc?R"ARBY/xR
AAUAR$c?N9! 5! C6+%4G! ['5'+! M)%*! L5%52+*! PT! 'G+! Yc?! )%*+6! 'G+! M65L+! K60265LL+!
$%Z+&'(&&+L+%'&!*|YZ+%(6!15P+1+*!Yc?R"AR$JSxRAAAERAEI!Y?7!&)KK06'+*!'G+!54.)(&('(0%!0M!
'G+! ^6P('65K! L5&&! &K+4'60L+'+6I! NG+! 75%4+60K01+! ,65%*! S&'! &)KK06'+*! 3oI! NG+! B(2)+!
%5'(0%51+!40%'6+!1+!45%4+6!&)KK06'+*!37I!
* *
203
! ";!
*
2(1(&(,/($*
"I! ?04G+''+RS21T!79!,+6L5(%!DI!JT%5L(4!5%*!40LP(%5'06(51!40%'601!0M!2+%+!+HK6+&&(0%!
PT!%)41+56!6+'(%0(4!54(*!6+4+K'06&I!c)41+56!?+4+K'06![(2%51(%2I!EAA;>@Q+AAWI!
EI! [5L56)'! S9! ?04G+''+RS21T! 7I! c)41+56! 6+'(%0(4! 54(*! 6+4+K'06&Q! 40%*)4'06&! 0M! 'G+!
6+'(%0(4!54(*!&TLKG0%T!*)6(%2!*+Z+10KL+%'I!301!7+11!S%*046(%01I!EA"E>U=V#E8QU=VR<AI!
UI! 30)'(+6!S9! s+!N9! 7G0)F65115G!3Y9!:6P5%![9!^&h! o9! 7G5'52%0%!Y9! +'! 51I!?+'(%0(4! 54(*!
6+4+K'06&!6+402%(&+!'G+!L0)&+!2+%0L+!'G60)2G!P(%*(%2!+1+L+%'&!O('G!*(Z+6&+!&K54(%2!5%*!
'0K0102TI!o!/(01!7G+LI!EA"E>EV@#U"8QE<UEVR="I!
=I! 7566011! o[9!3+T+6!7Y9![0%2! o9!B(!d9!,+(&'1(%2+6!N?9!S+4FG0)'+! o9! +'!51I!,+%0L+RO(*+!
5%51T&(&!0M!+&'602+%!6+4+K'06!P(%*(%2!&('+&I!c5'!,+%+'I!EAA<>UV#""8Q"EV;R;@I!
WI! \)5![9!f(''1+6!?9!dG('+!fDI!,+%0L(4!5%'520%(&L!P+'O++%!6+'(%0(4!54(*!5%*!+&'602+%!
&(2%51(%2!(%!P6+5&'!45%4+6I!7+11I!EAA;>"U@#@8Q"EW;R@"I!
<I! 35G0%T! [9! 35hh0%(! S^9! 347)(%+! [9! s0)%2! ?Y9! d(4G'+61+! \9! ,(MM06*! JfI! B(25%*R
*+K+%*+%'!*T%5L(4&!0M!6+'(%0(4!54(*!6+4+K'06!P(%*(%2!*)6(%2!+561T!%+)602+%+&(&I!,+%0L+!
/(01I!EA"">"E#"8Q?EI!
@I! 3+%*0h5RD5665! 3Y9! d51(5! 39! [5%F56! 39! ,60%+L+T+6! \I! J(&&+4'(%2! 'G+! 6+'(%0(*R
(%*)4+*!*(MM+6+%'(5'(0%!0M!C;!+LP6T0%51!&'+L!4+11&!PT!(%'+265'(Z+!2+%0L(4&I!301![T&'!/(01I!
EA"">@QWUVI!
VI! Y1! N5%0)6T! z9! D(&F)%0Z! Y9! ?04G+''+RS21T! 7I! j('5L(%! Y! 5%*! 6+'(%0(*! &(2%51(%2Q!
2+%0L(4!5%*!%0%2+%0L(4!+MM+4'&Q!NG+L5'(4!?+Z(+O![+6(+&Q!C5'R[01)P1+!j('5L(%&Q!j('5L(%!YI!
o!B(K(*!?+&I!EA"U>W=#@8Q"@<"R@WI!
;I! D(&F)%0Z! Y9! ?04G+''+RS21T! 7I! Y! 6+'(%0(4! 54(*! 6+4+K'06! ?Y?51KG5! K001! K6+&+%'! (%!
L+LP65%+! 1(K(*! 65M'&! M06L&! 40LK1+H+&! O('G! ,! K60'+(%! 51KG5]! '0! 54'(Z5'+! KUV3YDfI!
^%402+%+I!EA"E>U"#EV8QUUUUR=WI!
"AI! D(&F)%0Z! Y9! Y1! N5%0)6T! z9! ?04G+''+RS21T! 7I! c)41+56! 5%*! +H'65R%)41+56! +MM+4'&! 0M!
6+'(%0(*!54(*!6+4+K'06&Q!G0O!'G+T!56+!(%'+640%%+4'+*I![)P4+11!/(04G+LI!EA"=>@AQ"AURE@I!
""I! B51+Z++! [9! C+66T! 79! ?04G+''+RS21T! 7I! DG0&KG06T15'(0%! 40%'601! 0M! %)41+56! 6+4+K'06&I!
3+'G0*&!301!/(01I!EA"A><=@QEW"R<<I!
"EI! J)0%2! j9! ?04G+''+RS21T! 7I! NG+! L01+4)156! KGT&(0102T! 0M! %)41+56! 6+'(%0(4! 54(*!
6+4+K'06&I!C60L!G+51'G!'0!*(&+5&+I!/(04G(L!/(0KGT&!Y4'5I!EA"">"V"E#V8Q"AEURU"I!
204
! EA!
"UI! o0%+&! fY9! f(L! DJ9! D5'+1! //9! f+1&+%! [,9! /65Z+6L5%! Y9! [O(%'0%! Jo9! +'! 51I!
$LL)%0*+K1+'(0%!K15&L5!K60'+0L(4&!PT!'6(K1+N^C!W<AA!5%*!^6P('65K!+1('+gBN]R^6P('65K!
j+10&g]!+H54'(Z+!L5&&!&K+4'60L+'+6&I!o!D60'+0L+!?+&I!EA"U>"E#"A8Q=UW"R<WI!
"=I! f511(! Y9! [L('G! ,N9! [O+6+*0&F(! 3o9! \+&&! [I! SZ51)5'(0%! 5%*! 0K'(L(h5'(0%! 0M! L5&&!
&K+4'60L+'6(4! &+''(%2&! *)6(%2! *5'5R*+K+%*+%'! 54.)(&('(0%! L0*+Q! M04)&! 0%! BN]R^6P('65K!
L5&&!5%51Th+6&I!o!D60'+0L+!?+&I!EA"U>"E#@8QUA@"RV<I!
"WI! S%2G01LRf+11+6!f9!B56&+%!3?I!N('5%()L!*(0H(*+!5&!4G+L0R5MM(%('T!4G60L5'0265KG(4!
&06P+%'! 0M! P(0L01+4)156! 40LK0)%*&RR5KK1(45'(0%&! (%! 54(*(4! L0*(M(45'(0%R&K+4(M(4!
K60'+0L(4&I!o!D60'+0L(4&I!EA"">@W#E8QU"@REVI!
"<I! B+('%+6!Y9![')6L!39!B(%*%+6!dI!N001&!M06!5%51Th(%2!'G+!KG0&KG0K60'+0L+!5%*!0'G+6!
KG0&KG06T15'+*!P(0L01+4)1+&Q!5!6+Z(+OI!Y%51!7G(L!Y4'5I!EA"">@AU#"8Q";RUAI!
"@I! C+66T!79!,50)56![9!C(&4G+6!/9!/0+21(%!39!D5)1!c9![5L56)'!S9!+'!51I!7)11(%!U!L+*(5'+&!
[?7RU!)P(.)('(%5'(0%!5%*!*+265*5'(0%!'0!40%'601!'G+!6+'(%0(4!54(*!6+&K0%&+I!D604!c5'1!Y45*!
[4(!:![!YI!EA"">"AV#W"8QEA<AURVI!
"VI! ,5)P!3D9!?04G+''+RS21T!79!B)'h!s9!Y1(![9!35''G+&!\9![4G+)+6!$9!+'!51I!$LL)%0*+'+4'(0%!
0M!L)1'(K1+!&K+4(+&!0M!6+'(%0(4!54(*!6+4+K'06!51KG5Q!+Z(*+%4+!M06!KG0&KG06T15'(0%I!SHK!7+11!
?+&I!";;E>EA"#E8QUUWR=<I!
";I! Y1! N5%0)6T! z9! D(&F)%0Z! Y9! Y%*6(5L065'&(6+&T! J9! ,50)56! [9! B)'h(%2! ?9! s+! N9! +'! 51I!
,+%+&! (%Z01Z+*! (%! 4+11! 5*G+&(0%! 5%*! &(2%51(%2Q! 5!%+O! 6+K+6'0(6+!0M! 6+'(%0(4! 54(*! 6+4+K'06!
'562+'!2+%+&!(%!L0)&+!+LP6T0%(4!M(P60P15&'&I!o!7+11![4(I!EA"=>"E@#D'!U8QWE"RUUI!
EAI! N65K%+11!79!D54G'+6!B9![51hP+62![BI!N0K\5'Q!*(&40Z+6(%2!&K1(4+! `)%4'(0%&!O('G!?cYR
[+.I!/(0(%M06L5'(4&I!EAA;>EW#;8Q""AWR""I!
E"I! Y%*+6&! [9! \)P+6! dI! J(MM+6+%'(51! +HK6+&&(0%! 5%51T&(&! M06! &+.)+%4+! 40)%'! *5'5I!
,+%0L+!/(01I!EA"A>""#"A8Q?"A<I!
EEI! /+%`5L(%(! s9! \04GP+62! sI! 70%'6011(%2! 'G+! M51&+! *(&40Z+6T! 65'+Q! 5! K654'(451! 5%*!
K0O+6M)1! 5KK6054G! '0! L)1'(K1+! '+&'(%2I! o0)6%51! 0M! 'G+! ?0T51! ['5'(&'(451! [04(+'T! [+6(+&I!
";;W>W@#/8QEV;RUAAI!
EUI! N5&&T!^9!D0)6.)(+!^I!35%'+(59!5!K6+*(4'(Z+!*5'5!L(%(%2!&T&'+L!M06!Z+6'+P65'+!2+%+&!
5%*! ('&! 5KK1(45'(0%&! '0! G)L5%! 2+%+'(4! *(&+5&+&I! c)41+(4! Y4(*&! ?+&I! EA"=>=E#J5'5P5&+!
(&&)+8QJVVER;"I!
205
! E"!
E=I! Y1!N5%0)6T!z9!,50)56![9!D(&F)%0Z!Y9!s+!N9!:6P5%![9!o0&'!/9!+'!51I!DG0&KG06T15'(0%!0M!
'G+! 6+'(%0(4! 54(*! 6+4+K'06! ?Y?2E! (&! 46)4(51! M06! 'G+! %+)60%51! *(MM+6+%'(5'(0%! 0M! L0)&+!
+LP6T0%(4!&'+L!4+11&I!o0)6%51!0M!4+11!&4(+%4+I!EA"=>"=@QEA;WR"AWI!
EWI! /6)4F! c9! j('0)H! J9! C+66T! 79! J)0%2! j9! /5)+6! Y9! *+! NG+! \9! +'! 51I! Y! 4006*(%5'+*!
KG0&KG06T15'(0%! 45&45*+! (%('(5'+*! PT! KUV3YDfg3[f"! *(6+4'&! ?Y?51KG5! '0! '562+'!
K60L0'+6&I!SLP0!oI!EAA;>EV#"8QU=R=@I!
E<I! J(4FG)'! 79! C+1*L5%%! $9! B5LP+6'! o9! z5G+*(! ?DI! $LK54'! 0M! *(2+&'(0%! 40%*('(0%&! 0%!
KG0&KG0K60'+0L(4&I!o!D60'+0L+!?+&I!EA"=>"U#<8QE@<"R@AI!
E@I! \)''1(%! SB9! o+*6T4G0O&F(! 3D9! S1(5&! oS9! ,0&O5L(! N9! ?5*! ?9! /+5)&01+(1! [Y9! +'! 51I! Y!
'(&&)+R&K+4(M(4! 5'15&! 0M! L0)&+! K60'+(%! KG0&KG06T15'(0%! 5%*! +HK6+&&(0%I! 7+11I!
EA"A>"=U#@8Q""@=RV;I!
EVI! ^1&+%!oj9!/1520+Z!/9!,%5*!C9!354+F!/9!f)L56!79!306'+%&+%!D9!+'!51I!,10P519! (%!Z(Z09!
5%*!&('+R&K+4(M(4!KG0&KG06T15'(0%!*T%5L(4&! (%! &(2%51(%2!%+'O06F&I!7+11I!EAA<>"E@#U8Q<UWR
=VI!
E;I! ?04G+''+RS21T!79!Y*5L![9!?0&&(2%01!39!S21T!o39!7G5LP0%!DI!['(L)15'(0%!0M!?Y?!51KG5!
54'(Z5'(0%! M)%4'(0%! YCR"! 'G60)2G! P(%*(%2! '0! 'G+! 2+%+651! '65%&46(K'(0%! M54'06! NC$$\! 5%*!
KG0&KG06T15'(0%!PT!7Jf@I!7+11I!";;@>;A#"8Q;@R"A@I!
UAI! Y1(! cY9! d)! o9! \04G265M+! C9! 7G5%! \9! c5(6! ?9! s+! [9! +'! 51I! D60M(1(%2! 'G+! 'T60&(%+!
KG0&KG0K60'+0L+! 0M! *(MM+6+%'!L0)&+!L5LL56T! ')L0)6!L0*+1&! 6+Z+51&! *(&'(%4'9! L0*+1R
&K+4(M(4! &(2%511(%2! %+'O06F&! 5%*! 40%&+6Z+*! 0%402+%(4! K5'GO5T&I! /6+5&'! 75%4+6! ?+&I!
EA"=>"<#W8Q=U@I!
U"I! [G+!]/9!7G5%*5615K5'T![9!s+!]9!B0P0!o9!\5&F+11!f39!B+5%*+6!f?9!+'!51I!/6+5&'!')L06!
4+11&!O('G!D$Uf!L)'5'(0%!06!\S?E!5LK1(M(45'(0%!56+! &+1+4'(Z+1T! 5**(4'+*! '0!YF'! &(2%51(%2I!
DB0[!^%+I!EAAV>U#V8Q+UA<WI!
UEI! /0)6!,9!B51+Z++![9!?04G+''+RS21T!7I!D60'+(%!F(%5&+&!5%*!'G+!K60'+5&0L+!`0(%! (%!'G+!
40LP(%5'06(51!40%'601!0M!'65%&46(K'(0%!PT!%)41+56!6+'(%0(4!54(*!6+4+K'06&I!N6+%*&!7+11!/(01I!
EAA@>"@#<8QUAER;I!
!
! !
206
! EE!
R0@B&(*7(@(,-$**
*
R0@*;Y*Z#&X17#U*1#&*'"(*%"#$%"#%&#'(#)0/$*$'&+'(@9I!!
#Y8!,10P51!KG0&KG0K60'+0L+I!c)41+56!5%*!4T'0K15&L(4!+H'654'&!O+6+!K6+K56+*!5%*!*(Z(*+*!
(%!'O0Q!0%+!G51M!O5&!*(2+&'+*!O('G!'6TK&(%gBT&R7!5%*!'G+!0'G+6!G51M!O('G!4GTL0'6TK&(%I!Y!
&L511! M654'(0%! 0M! 'G+! '6TK&(%gBT&R7! *(2+&'&! O5&! 5%51Th+*! *(6+4'1T! O('G0)'! M)6'G+6!
K)6(M(45'(0%I!NG+!6+L5(%(%2!*(2+&'&!O+6+!&)P`+4'+*!'0!KG0&KG0K+K'(*+!+%6(4GL+%'!5%*!3[!
5%51T&(&I! #/8! ?Y?_! KG0&KG06T15'(0%I!dG01+! 4+11! +H'654'&! O+6+! K6+K56+*! M60L!37C@! 5%*!
/N=@=!4+11&!O('G!5%*!O('G0)'!5!UA!L(%!?Y!'6+5'L+%'I!?Y?_!O5&!(LL)%0K6+4(K('5'+*!5%*!
'G+! +1)5'+&!O+6+! 'G+6L01T&(%R*(2+&'+*I! DG0&KG0K+K'(*+&!O+6+! +%6(4G+*! 5%*! 5%51Th+*! PT!
%5%0RB7RBN]R^6P('65K!3[I!
!
R0@*>Y*[5(&50(U*#1*%"#$%"#&97+'0#,*0,*8:RS*+,-*G.TST*/(77$V**
#Y8! c)LP+6&! 0M! )%(.)+! KG0&KG0K+K'(*+&9! KG0&KG0&('+&! 5%*! KG0&KG0K60'+(%&! (%! 'G+!
4T'0&01(4!5%*!%)41+56!+H'654'&!0M!37C@!5%*!/N=@=!4+11&!O('G!5%*!O('G0)'!?Y!'6+5'L+%'I!#/8!
D+64+%'52+!0M! KG0&KG06T15'+*!K60'+(%&I! #78!?+15'(Z+!KG0&KG06T15'(0%!0M! [+69!NG6! 5%*!NT6!
6+&(*)+&! #Y2Q! 5LP(2)0)&8I! #J8! ?+15'(Z+! M6+.)+%4T! 0M! L0%0R9! P(R! 5%*! '6(R! KG0&KG06T15'+*!
K+K'(*+&I!#SRC8!c)LP+6&!0M!KG0&KG0&('+&!K+6!K60'+(%9!(%!37C@!#S8!5%*!(%!/N!=@=!4+11&!#C8I!!
7Q!4T'0&01(4!+H'654'&9!cQ!%)41+56!+H'654'&I!
*
R0@*\Y*!"#$%"#&97+'0#,*)#'01$*!
NO+%'TRM(Z+! L0'(M&! O+6+! &(2%(M(45%'1T! 6+K6+&+%'+*! (%! 'G+! 4T'0&01! 0M! 'G+! Z+G(41+R'6+5'+*!
37C@! 4+11&9! )&(%2! 'G+! 30'(MRx! 51206('GLI! #Y8! J(&'6(P)'(0%! 0M! 'G+! *(MM+6+%'! L0'(M&! (%! 'G+!
*5'5&+'I! NG6++!K+64+%'! 0M! 'G+! KG0&KG06T15'(0%! &('+&! *(*! %0'! 1+5*! '0! 5%T!L0'(M! 5''6(P)'(0%!
54406*(%2!'0!'G+!*+M(%+*!&(2%(M(45%4+!46('+6(5I!#/8![+.)+%4+!1020&!0M!'G+!Z56(0)&!L0'(M&I!#78!
NG+! L0'(M&! 56+! &G0O%! O('G! 'G+(6! 6+&K+4'(Z+! &406+! 5%*! 'G+(6! 044)66+%4+! (%! 'G+! *5'5&+'!
#C06+260)%*!35'4G+&8!5%*!(%!'G+!$D$!\)L5%!D60'+0L+!#/54F260)%*!35'4G+&8I!NG+!6+15'(Z+!
+%6(4GL+%'!0M!'G+!L0'(M&!(%!'G+!*5'5&+'!40LK56+*!'0!'G+!$D$!\)L5%!D60'+0L+!(&!51&0!&G0O%!
#C01*!$%46+5&+8I![(L(156!6+&)1'&!O+6+!0P'5(%+*!M06!'G+!0'G+6!4T'0&01(4!06!%)41+56!&5LK1+&I!
!
207
! EU!
R0@* TY* [5(&7+%$* +)#,@* %&#'(0,$* +,-* %"#$%"#%&#'(0,$* 0,* '"(* ,B/7(+&* +,-* /9'#$#70/*
(K'&+/'$*#1*8:RS*+,-*G.TST*/(77$V**
#Y8!D60'+(%&!K6+&+%'!(%!P0'G!'G+!'6+5'+*!5%*!)%'6+5'+*!+H'654'&!0M!37C@!4+11&!O+6+!460&&+*!
O('G!'G0&+!0M!/N=@=!4+11&I!^%1T!'G+!K60'+(%&!K6+&+%'!(%!'G+!'O0!4+11!1(%+&!O+6+!40%&(*+6+*!
M06!KG0&KG06T15'(0%!5%51T&(&!(%!/!5%*!7I!#/8!DG0&KG0K60'+(%&!(*+%'(M(+*!(%!'G+!4T'0&01(4!5%*!
%)41+56!+H'654'&!0M!)%'6+5'+*!37C@!4+11&!O+6+!460&&+*!O('G! 'G0&+!0M!/N=@=!4+11&I! #78!C06!
+54G! 4+11! 1(%+9! 'G+! 4T'0&01(4! 5%*! %)41+56! KG0&KG0K60'+(%&! (*+%'(M(+*! (%! 'G+! 5P&+%4+! 0M!
'6+5'L+%'!O+6+!460&&+*!O('G!'G0&+!(*+%'(M(+*!5M'+6!?Y!5**('(0%I!!
!
R0@*TY*:#)%+&0$#,*#1*'"(*232L*%"#$%"#&97+'0#,*$0'($*0,*8:RS*+,-*G.TST*/(77$*
#Y8! [4G+L5'(4! 6+K6+&+%'5'(0%! 0M! 'G+! ?Y?_! *0L5(%&! O('G! 'G+! [U<9! [@=9! [@@! 5%*! [==W!
KG0&KG0&('+&I! #/8! 3[R3[! M652L+%'5'(0%! &K+4'65! 0M! 'G+! KG0&KG06T15'+*! K+K'(*+&I! #78!
?+15'(Z+! 5P)%*5%4+!0M! 'G+!?Y?_!KG0&KG0K+K'(*+&! (%!37C@! #1+M'8! 5%*!/N=@=!4+11&! #6(2G'8!
O('G!5%*!O('G0)'!?Y!'6+5'L+%'I!D+K'(*+&!%)LP+6&!O+6+!%06L51(h+*!'0!'G+!K60'+(%!40%'+%'!
0M! 'G+! (LL)%0K6+4(K('5'(0%! +1)5'+&I! NG+! Z51)+&! 56+! 'G+! 5Z+652+! 0M! 'O0! (%*(Z(*)51!
+HK+6(L+%'&I!!
*
R0@* ]Y* ^(,,* -0+@&+)* /#)%+&0,@* '"(* @(,($* '"+'* +&(* &(@B7+'(-* 69* 23* 0,* 8:RS* +,-*
G.TST*/(77$*
!
R0@*SY*2.4O!:2*+,-*:"E!4O!:2*+,+79$0$*#1*'"(*1?@A%B*P3Q*+,-*7+=@*PGQ*@(,($*0,*8:RS*
+,-*G.TST*/(77$V**
!
! !
208
Table 1: Cytosolic phosphoproteins in MCF7 and BT474 cells.
MCF7 BT474
Signal transduction
P04626 ERBB2 Receptor tyrosine-protein kinase erbB-2 S1078, S1083 A - -
S1054 Other - -
Q3YEC7 RABL6 Rab-like protein 6 S596, S599, S640, S641 A - -
Q8TE68 ES8L1 Epidermal growth factor receptor kinase substrate 8-like protein 1 S182, T187 P - -
Q15311 RBP1 RalA-binding protein 1 S48 P - -
P13861 KAP2 cAMP-dependent protein kinase type II-alpha regulatory subunit S78, S80 A - -
P10644 KAP0 cAMP-dependent protein kinase type I-alpha regulatory subunit S83 P - -
P50502 F10A1 Hsc70-interacting protein S75, S76, S79 A - -
P41236 IPP2 Protein phosphatase inhibitor 2 S121, S122 A - -
Q15435 PP1R7 Protein phosphatase 1 regulatory subunit 7 S24, S27 A - -
P20020 AT2B1 Plasma membrane calcium-transporting ATPase 1 S1193, T1203 A - -
S1215, S1216, S1220 P - -
S62, S92, S93 A - -
Q7Z406 MYH14 Myosin-14 S1969 A - -
S1983, S1989 P - -
Q9Y6X9 MORC2 MORC family CW-type zinc finger protein 2 S743, S777 A up -
Q04726 TLE3 Transducin-like enhancer protein 3 S263, S267 A up -
P49585 PCY1A Choline-phosphate cytidylyltransferase A S315, S319 P up -
Q36B36 AKTS1 Proline-rich AKT1 substrate 1 S202, S203 A - up
S88, S92 P - -
Q13177 PAK2 Serine/threonine-protein kinase PAK 2 S141 P up -
Nuclear export
P06748 NPM Nucleophosmin S70 P - -
S125 A - -
Translation
P24534 EF1B Elongation factor 1-beta S106 A - -
P29692 EF1D Elongation factor 1-delta S133, T147 P - -
S162 A - -
P05387 RLA2 60S acidic ribosomal protein P2 S102, S105 A - up
O60841 IF2P Eukaryotic translation initiation factor 5B  S113, S137, S164, S214 A - -
Q9NXG2 THUM1 THUMP domain-containing protein 1 S86, S88 A - -
Q8NE71 ABCF1 ATP-binding cassette sub-family F member 1 S105, T108, S109, S140, S228 A - -
Q08J23 NSUN2 tRNA (cytosine(34)-C(5))-methyltransferase S743, S751 P - up
Q1KMD3 HNRL2 Heterogeneous nuclear ribonucleoprotein U-like protein 2 S161 A down -
Q9BUJ2 HNRL1 Heterogeneous nuclear ribonucleoprotein U-like protein 1 S194 P down -
P55010 IF5 Eukaryotic translation initiation factor 5 S389, S390 A - up
Protein transport
O75381 PEX14 Peroxisomal membrane protein PEX14 S335 A - up
O15027 SC16A Protein transport protein Sec16A S414, T415, S417 P - -
Chaperone
P27824 CALX Calnexin S554, S564 A - -
P07900 HS90A Heat shock protein HSP 90-alpha S263 A - -
This table lists the most abundant phosphoproteins that were detected in the cytosolic extracts of both cell lines, grouped per biological function. For each protein, the 
phosphopeptides were analyzed manually. The site classes are assigned as acidic (A) or proline-directed (P). Most peptides are bi or tri phosphorylated. The effect of 
RA treatment is shown. 
Accession Protein name Description
Regulation by RA
Site Class
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MCF7 BT474
DNA damage and repair
Q02880 TOP2B DNA topoisomerase 2-beta S1400 P - -
S1413, S1466, S1522, S1524, S1526, S1550, S1552 A - -
Q14676 MDC1 Mediator of DNA damage checkpoint protein 1 S329, S331, S376, T378, T449, S453, S455 A - -
Q01831 XPC DNA repair protein complementing XP-C cells S94, S883, S884 A - -
P52701 MSH6 DNA mismatch repair protein Msh6 S252, S256, S261 A down -
S219, S227 A - -
P11388 TOP2A DNA topoisomerase 2-alpha S1106, S1247, T1343, S1351, S1354 A - -
P18887 XRCC1 DNA repair protein XRCC1 T453, T452 A - -
S461 P - -
mRNA processing
Q9UQ35 SRRM2 Serine/arginine repetitive matrix protein 2 >90 phosphosites P - -
Q8IYB3 SRRM1 Serine/arginine repetitive matrix protein 1 40 phosphosites P - -
Q96ST2 IWS1 Protein IWS1 homolog S398, S400, S287, S289, S157, S159 A - -
S235, S237, S261, S263, S196, S198
(6 biP-peptides)
Q15459 SF3A1 Splicing factor 3A subunit 1 S329, S359 A - -
Q6UN15 FIP1 Pre-mRNA 3'-end-processing factor FIP1 S85, S87, S89 (triP-peptide) A down -
S492, S496, S500 A - -
Q05519 SRS11 Serine/arginine-rich splicing factor 11 S434, S483 A down -
O60231 DHX16 Putative pre-mRNA-splicing factor ATP-dependent RNA helicase DHX16 S103 A down -
Q13435 SF3B2 Splicing factor 3B subunit 2 S431, S435, S436 A - -
Q15637 SF01 Splicing factor 1 S80, S83 P - -
Q01130 SRSF2 Serine/arginine-rich splicing factor 2 S206, S208, S212 P - -
Q5VTL8 PR38B Pre-mRNA-splicing factor 38B S527, S529 A - -
Q9NQZ2 SAS10 Something about silencing protein 10 S365, S368 A - up
P62995 TRA2B Transformer-2 protein homolog beta S99 P - up
Histones modifications
Q92769 HDAC2 Histone deacetylase 2 S394 A - -
S422, S424  (biP-peptide) A - up
Q13547 HDAC1 Histone deacetylase 1 S393 A - -
S421, S423  (biP-peptide) A - up
Q9UFC0 LRWD1 Leucine-rich repeat and WD repeat-containing protein 1 S251, S259 (biP-peptide) P - up
O43159 RRP8 Ribosomal RNA-processing protein 8 S62, S64 (biP-peptide) A - up
Q15022 SUZ12 Polycomb protein SUZ12 S546, S583 A - up
Q8TAQ2 SMRC2 SWI/SNF complex subunit SMARCC2 S347, S302, S304, S283, S286 P - -
Q92922 SMRC1 SWI/SNF complex subunit SMARCC1 S328, S330 P - -
O60341 KDM1A Lysine-specific histone demethylase 1A S166 A - -
Q9Y2K7 KDM2A Lysine-specific demethylase 2A S28; S869 A - -
Q9H7L9 SDS3 Sin3 histone deacetylase corepressor complex component SDS3 S45, T49, S53 A - -
Q96ST3 SIN3A Paired amphipathic helix protein Sin3a S832 A - -
Q8WXI9 P66B Transcriptional repressor p66-beta S129 A down -
Protein kinases
Q9NYV4 CDK12 Cyclin-dependent kinase 12 S681, S685 A - -
S274, S276 P - -
Q13523 PRP4B Serine/threonine-protein kinase PRP4 homolog S23, S32, S36 A - -
Transcription factors
Q8WVC0 LEO1 RNA polymerase-associated protein LEO1 T188, S197, S212, S220 A - -
S294, S296 (biP-peptide) A down up
S229, S238 (biP-peptide) - up
Q12789 TF3C1 General transcription factor 3C polypeptide 1 S1068 A - -
Q6PD62 CTR9 RNA polymerase-associated protein CTR9 homolog T925, S941, S943 A - -
RNA binding proteins
Q14498 RBM39 RNA-binding protein 39 S136 P - -
Nuclear export
P06748 NPM Nucleophosmin S70 P - -
S125 A - -
Q9H4L4 SENP3 Sentrin-specific protease 3 S169, S181 (biP-peptide) P - no P
Nucleole
P19338 NUCL Nucleolin S145, S153 A - -
P78316 NOP14 Nucleolar protein 14 S146, S148 A - -
Q9Y2X3 NOP58 Nucleolar protein 58 S502 A - -
O00567 NOP56 Nucleolar protein 56 S520, S569, S570 A - up
Table 2: Nuclear Phosphoproteins in MCF7 and BT474 cells. 
Accession Protein name Description
Regulation by RA
Site Class
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Supplemental Table 1
Identification by NanoLC-MS/MS analysis (Orbitrap technology) of the XRCC5 and XRCC6 proteins directly 
in the eluates obtained after GST-RARα(69-168) pull down of MCF7 and SH5H5Y cell extracts
Accession Description Score Coverage # Peptides # PSM Score Coverage # Peptides # PSM # AAs MW [kDa]
MCF7 cells
P13010 XRCC5 0,00 71,12 16,39 9 15 732 82,7
P12956 XRCC6 0,00 74,61 32,02 14 16 609 69,8
SH-5H-5Y cells
P13010 XRCC5 0,00 153,23 34,43 17 30 732 82,7
P12956 XRCC6 0,00 155,12 40,39 18 33 609 69,8
 GST GST-RARα
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Supplemental Table 2
Identification by nanoLC-MS/MS analysis of the XRCC5 and XRCC6 proteins in the 90 and 75 kDa bands obtained after SDS-PAGE 
and pull down experiments performed with immobilized GST or GST-RARa(69-168) and extracts from MCF7, BT474 and HeLa cells. 
GST
Accession Description Score Coverage # Peptides # PSM Score Coverage # Peptides # PSM # AAs MW [kDa] calc. pI
HeLa cells
P13010 XRCC5 0,00 9,07 4,10 3 3 732 82,7 5,81
P12956 XRCC6 9,32 4,11 2 2 609 69,8 6,64
BT474 cells
P13010 XRCC5 0,00 37,96 22,40 9 10 732 82,7 5,81
P12956 XRCC6 29,69 15,44 7 7 609 69,8 6,64
MCF7 cells
P13010 XRCC5 0,00 32,72 15,16 9 9 732 82,7 5,81
P12956 XRCC6 0,00 29,62 16,42 7 7 609 69,8 6,64
GST-RARα
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Supplemental Table 3
Identification by NanoLC-MS/MS analysis (Orbitrap technology) of the DNA damage and repair machineries in the complexes associated with RARα after immunoprecipitation of MCF7 extracts
Accession Description Score Coverage # Peptides # PSM Score Coverage # Peptides # PSM # AAs MW [kDa]
P78527 DNA-dependent protein kinase catalytic subunit   [PRKDC_HUMAN] 0,00 110,80 9,81 28 30 4128 468,8
Q02880 DNA topoisomerase 2-beta  [TOP2B_HUMAN] 0,00 83,36 14,94 20 23 1626 183,2
Q92769 Histone deacetylase 2   [HDAC2_HUMAN] 0,00 71,01 34,22 10 17 488 55,3
P10276 Retinoic acid receptor alpha  [RARA_HUMAN] 0,00 53,98 31,82 10 15 462 50,7
Q13547 Histone deacetylase 1   [HDAC1_HUMAN] 0,00 54,84 32,78 8 14 482 55,1
Q9Y618 Nuclear receptor corepressor 2  [NCOR2_HUMAN] 0,00 37,99 7,92 12 12 2525 274,6
P09874 Poly [ADP-ribose] polymerase 1 [PARP1_HUMAN] 0,00 29,27 12,43 8 8 1014 113,0
P12956 X-ray repair cross-complementing protein 6  [XRCC6_HUMAN] 0,00 30,23 17,73 7 8 609 69,8
P13010 X-ray repair cross-complementing protein 5  [XRCC5_HUMAN] 0,00 32,35 13,52 7 8 732 82,7
Q9BZK7 F-box-like/WD repeat-containing protein TBL1XR1  [TBL1R_HUMAN] 0,00 25,21 24,32 7 7 514 55,6
IP IgG control IP RARα
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